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INTED IN T1IE UNITED STATES OF AMERICA 


PREFACE TO VOLUMES III AND IV 

The general aim and scope of this work are described in the accom¬ 
panying prefaces to the first and second editions of volumes I and II. 
Volumes III and IV comprise entirely new material. In the selection 
of these new chapters, the editors were assisted by suggestions from 
organic chemists throughout the world. The plan has been to include 
branches of organic chemistry which have not been covered previously 
and which are considered of great importance. 

The editors are grateful for assistance from many friends for careful 
reading of the manuscripts. Invaluable help was given by Dr. Robert 
IC. Ingham in connection with the index and the proofs. Thanks are 
also due to the following: Drs. R. R. Allen, A. G. Brook, F. K. Broome, 
H. J. Harwood, S. D. Rosenberg, R. J. Vander Wal, T. C. Wu; and 
Messrs. J. Curtice, S. H. Eidt, G. A. Guter, H. A. Hartzfeld, R. G. 
Johnson, L. L. Wallen, G. R. Wilder; and Mrs. John F. Speer. 

H. G. 

Ames, Iowa 

March, 1963 



PREFACE TO THE FIRST EDITION OF 
VOLUMES I AND II 

Organic chemistry is richly endowed with excellent textbooks. How¬ 
ever, there is a need for a general treatise of organic chemistry suitable 
for instruction at the graduate level. Such a book must focus attention 
upon new developments. At best, it can but serve the purpose of the 
moment and provide a point of departure for unceasing revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to pre¬ 
pare a chapter dealing with a subject of particular interest to himself. 
It was hoped to obtain, in this way, an authoritative treatise which 
would cover most of the important phases of organic chemistry. The 
execution of this plan has resulted in the present volumes. 

For the sake of convenience in revising and expanding the book, the 
rapidly developing fields of natural products, relationship between phys¬ 
ical properties and chemical constitution, valence, and resonance have 
been grouped together in the second volume. It is planned to revise 
both volumes at intervals, not only in order to bring the present mate¬ 
rial up to date, but also to permit the inclusion of new chapters to fill 
the more conspicuous gaps. For example, chapters on chlorophyll and 
polymerization will be included in the next edition. Corrections and 
suggestions will be heartily welcomed. 

The contents have been integrated and the accessibility of the infor¬ 
mation increased by cross references, by individual tables of contents 
for each chapter, and by a comprehensive subject index which is re¬ 
peated in each of the two volumes. The inordinate wealth of the litera¬ 
ture has made it necessary to restrict references, in general, to a rela¬ 
tively few selected original articles. Researches are cited, as a rule, by 
reference to the most recent publications; however, sufficient references 
to early work are given to provide an historical background. Occasional 
chapters, particularly those in the field of natural products, have abun¬ 
dant citations to original articles, and should be especially useful to re¬ 
search workers. In some chapters the literature has been reviewed up 
to September, 1937. There is, in addition, occasional mention of work 
hitherto unpublished. The section General References at the end of each 
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chapter includes mention of some of the more important review articles 
and books as a guide to collateral reading. 

The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. \V. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F Wright, and Messrs. J. C. Bailie, R. L. Bcbb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 

H. G. 

Ames, Iowa 

December, 1937 


PREFACE TO THE SECOND EDITION OF 
VOLUMES I AND II 

The purpose, plan, and scope of this Treatise are given in the accom¬ 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redistri¬ 
bution reaction. All the chapters carried over from the first edition have 
been revised. In some chapters the literature has been reviewed up to 
September, 1912. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grateful to many friends for the examination of the manu¬ 
scripts. Particular thanks arc due to Messrs. R. K. Abbott, R. W. 
Leeper, D. S. Melstrom, G. J. O’Donnell, S. M. Spatz, J. R. Thirtle, 
and L. A. Woods. 

II. G. 

Ames, Iowa 

October, I Of, 2 
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INTRODUCTION 

The term terpenes originally designated a mixture of isomeric hydro¬ 
carbons of molecular formula Ci 0 H | 0 occurring in turpentine and many 
of the essential oils. At the present time the term refers to a large num¬ 
ber of naturally occurring hydrocarbons of the formula (CjHfOn and to 
an even larger number of substances from natural sources that may be 
looked upon as being derived from such hydrocarbons in various states 
of oxidation and unsaturation. 

The terpenes are usually classified according to the number of O s U 8 
units which they contain. 

Ciollw Monotcrpcncs GnH«i Tritcrpcnes 

CmHm Sesquiterpenes C*oH« Tetrnter|>cnes 

CcoH« Diterpencs (C\H»), Polytorpenes 

The terpenes thus range from relatively simple hydrocarbons, C| 0 IIi 6 t 
through large molecules such as lutein, C 40 H 56 O 2 , to polymers of high 
molecular weight such as rubber, (C 5 H 8 ) X . As a class the terpenes rank 
with the alkaloids and the carbohydrates in the chemical interest which 
they have stimulated and in their practical uses. 

The most important structural feature which the terpenes have 
in common is their relation to the carbon skeleton of isoprene, 
CH 2 == C—CH=CTl 2 . The great majority of terpenes may be looked 

I 

CH 3 

upon as derived from the carbon skeletons of dimers, trimers, tetramers, 
etc., of isoprene. The even divisibility of the carbon skeletons of ter¬ 
penes into iso -06 units is known as the isoprene rule • and has been of 

• Wattach, Ann.. 238. 78 (1887); 239. 49 (1887). 
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tremendous value as a working hypothesis in the determination of 
structure . 2 

TERPENES 

The molecular formula for the monotcrpenes, Ci 0 Hi 6 , represents a 
deficiency of six hydrogen atoms relative to the corresponding saturated 
hydrocarbon, C 10 H 22 - The missing hydrogen atoms can be accounted 
for in the following ways: ( 1 ) acyclic monotcrpenes with three double 
bonds; (2) cyclic monoterpenes with two double bonds; (3) bicyclic 
monoterpenes with one double bond; (4) tricyclic monoterpenes with no 
double bond. Compounds of all four types are known. 


Acyclic Terpenes 

’ Hydrocarbons. Few of this class arc known, although substances 
which may be looked upon as their oxygen derivatives are plentiful. 
The most important hydrocarbons are myreene and ocimene t which 
occur in the essential oils of bay and Ocimum.basilicum, respectively. 



Myreene I Oeiinonc 


The carbon skeletons of myreene and ocimene provide the simplest 
example of the isoprene rule. Here the number 1 carbon atom of one 
W 0 -C 5 unit is joined to the number 4 carbon atom of the second unit. 
This arrangement (I) is the more usual in terpenes and is known as the 
head-to-tail arrangement. 

Myreene is an oil, b.p. 166-168°. The ultraviolet absorption spectrum 
shows an intense maximum at 224 my indicative of a conjugated system 
of double bonds . 1 Reduction with sodium in alcohol produces a dihydro- 
myreene, further proving that a conjugated system is present . 4 Ozo- 
nolysis followed by chromic acid and hypobromite oxidation of the crude 
ozonolysis product gives only succinic acid.* These observations re- 

* For a possible exception to the rule see Gillam. Lynas^Jay, Penfold, and Simonson. 
J. Lhem. Soc., SO (1941). 

* Booker. Evans, and Gillam. ibid., 1453 (1940). 

4 Sommler, Ber., 34, 3126 (1901). 

* Ru*«cka and Stoll, HeU. Chim . Ada, 7. 272 (1924). 


584 


ORGANIC CHEMISTRY 


quire that the molecule contain system .4 and not system B. Glutaric 
acid would be the expected product if system B were present. Hydra- 
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tion of myrcene with sulfuric acid in acetic acid, followed by oxidation 
of the alcohol so produced, gives cilralf the structure of which is known. 

Myrrrnc Cilfml 

These observations establish the structure of myrccnc. Myrcene is 
conveniently prepared by thermal isomerization of 0-pincnc. 4 * 

Ocimene is much less stable than myrcene, particularly to oxidation 
by air, and is much more difficult to obtain pure. The molecular refrac¬ 
tion of ocimene shows a pronounced exaltation characteristic of a con¬ 
jugated system of double bonds, and the formation of a dihydroocimene 
from ocimene on reduction with sodium in alcohol indicates that a con¬ 
jugated system is present. 7 

Bromination of dihydrodcimene yields telrabromodihydromyrcene, 8 
m.p. 87-88°, showing that the two hydrocarbons have the same carbon 
skeleton. Ozonolysis of ocimene gives acetic and malonic acids, formal- 

• Power and KIcber. Pharm. Rundschau. 13. CO (1895). 

•>» Goldblatt and Palkin. J. Am. Chcm. Soc.. 63, 3517 (1941). 

1 Enklaar. Rcc. trav. chim.. 26. 157 (1907); 27. 422 (1908). 

• Enklaar. ibid.. 36. 215 (1917); 45. 337 (1926). 
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dehyde, methylglyoxal, and acetone. 9 The formation of these products 
is in accord with the structure proposed for ocimene. 



Ocimene 


HOOC 
I 

CH, 


CH, 

C ^CHO 


CH a O 
"‘COOH 

V 

CH, CH, 


The relative amounts of formaldehyde and acetone obtained wero 
interpreted to indicate the presence of a small amount of an isomeric 
hydrocarbon having the structure II. 



Ocimene is thus a mixture of double-bond isomers, and it appears 
that the composition of a given sample depends upon its source. This 
type of tautomerism is discussed in more detail subsequently. 

On being heated for several hours at its boiling point in the absence 
of oxygen, ocimene undergoes isomerization to alio ocimene, 1 in which 
the three double bonds are conjugated as evidenced by ultraviolet ab¬ 
sorption maxima at 268, 277, and 288 mji* Alloocimene is conveniently 
prepared by vapor-phase thermal isomerization of o-pinene. e ° A enro¬ 



ll CA i m - FranCt • 151 6 ’ 337 <1938): van Romburgh, 

Proc. Konxnkl. Nederland. Akad. Welentchap., 3, 446 (1900). 

*“ Blout and Fields. J. Am. Chem. Soc., 70. 189 (1948). 
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fill fractionation of alloocimene has shown the oil to consist of a mixture 
of two liquid tcrpcncs with proximate boiling points. Both give the 
same adduct when treated with maleic anhydride and are considered to 
be stereoisomers about the double bonds in the 4- and 6-positions. 96 

Oxygenated Acyclic Terpenes. One important class of oxygenated, 
acyclic terpenes is derived, as are oeimenc and myreene, from the carbon 
skeleton of 2,6-dimethvloctane (III). The oxygen function is on car¬ 



bon atom 6 or 8. Singly unsaturated compounds have the double bond 
at the 2,3-position, and the compounds with two olefinic linkages have 
one double bond in the 2,3-position and the second at the 6,7- or 7,8- 
position. The structural problems were complicated by the apparent 
occurrence of the compounds of this type as difficultly separable tauto¬ 
meric mixtures of double-bond-position isomers about carbon atoms 1,2, 
and 3. 

The evidence for this tautomerism was based upon the interpretation 
of results of oxidation and ozonolysis and the assumption that double¬ 
bond migrations did not occur during chemical degradation. Recent 
infrared absorption studies with compounds of this class provide strong 
physical evidence that the conclusions from oxidative degradation were 
i n error and that the natural oils are largely if not wholly composed 
of single isomers, namely those with the double bond in the 2,3-position. 10 

Citronellal, C lo II 18 0, occurs in oil of citronella and is optically active. 
The oxygen atom is present in an aldehydic function, since citronellal 
forms an oxime which is converted by dehydration with acetic anhydride 
to a nitrile. Hydrolysis of the nitrile yields CioH l8 0 2 , citronellic acid. 11 
Citronellal, on reduction with sodium amalgam, is converted to the alco¬ 
hol citronellal," C, 0 H 2 oO, which occurs in oils of rose and geranium. 
Oxidation of citronellal with ozone yields 0-methyladipic acid and ace- 
tone. 12- These facts, taken with the conversion of citronellal to iso- 

IlopficM. Hall, and Goldhlntt. ibui.. 66. 115 (1044). 

10 Barnard, ft at.. J. Chrm. Soc.. 015 (1050). 

>' Scmmlcr. Her.. 24. 200 (1801): 26. 2254 (1893). 

Tiemann and Schmidt. Bcr.. 29, 005 (1806). 

IU Harries and Hiinmclmann. Her.. 41. 10. 40 (1908). 
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pukgol on standing or to isopulegol acetate on boiling with acetic 
anhydride, establish the structure. 



On the other hand, ozonolysis of the methyl acetal of citronellal yields 
formic acid in addition to acetone, u indicating that citronellal may con¬ 
sist partially of molecules having structure IV. However, the infrared 



absorption spectra of samples of citronellal from various sources indicate 
that they consist largely, if not entirely, of molecules having the iso- 
propylidene structure. 10 - 14 

Citral, CjoHiflO, is an optically inactive oil which occurs widely dis¬ 
tributed in nature. It is a principal component of lemongrass oil, which 
is the essential oil of any of several East Indian grasses of the genus 
Andropogon. The oxygen atom of citral is present in an aldehyde group 
since citral reduces Fehling’s solution, forms carbonyl derivatives, and 

'* Harries, Wagner, and Comberg. Ann., 410, 8 (1915). 

M Thompson and Whiffen. J. Chem. Soc., 1412 (1948). 
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may be oxidized to an acid, geranic acid, CioH 16 02 , without loss of 
carbon. 15 The molecule contains two olefinic linkages, since six atoms of 
hydrogen can be added to give a saturated alcohol. 16 Citral forms both 
mono- and di-bisulfite addition products, showing that one of the double 
bonds is conjugated with the aldehyde function. In accord with this 
structural feature, hot dilute sodium hydroxide cleaves the molecule 
by a reversal of aldol condensation into acetaldehyde and an unsaturated 
ketone, 17 CgH M 0. The ketone is 6-methvl-5-hepten-2-one as shown by 
ozonolysis, which gives acetone and levulinic acid. The structure of 
citral, exclusive of cis-trans isomerism about the double bond conjugated 
with the aldehyde group, follows from these considerations. In accord 
with the structure, oxidation of citral with permanganate and further 
with chromic acid gives acetone and levulinic and oxalic acids. 11 



Citral 




KMnO, 

CrO, 




COOH 

COOH 


+ 

CHjCOCH* 



+ CHjCOCIIj 


The cis-trans isomerism about the double bond in the 2,3-position 
gives rise to two isomeric, interconvertible citrals, citral a and citral b. 
The corresponding semicarbazones arc known. 19 Chemical reduction 
of citral a yields geraniol, whereas citral 6 yields ncrol. The two alco- 


15 Scmrnlor. Bcr.. 23, 2965. 3550 (1890); Semmlcr and Ticmann. Bet., 26. 2717 (1893). 
'• Vavon. Ann. chim.. [9| 1, 169 (1914). 

,T Verity. Bull. *oc. chim. France. |3) 17, 175 (1897). 

»■ Tiemann nml Semmler. Bcr ., 28, 2132 (1895). 

» Barbicr and Douvcault. Compi. rend.. 118. 1050 (1894); 121. 1159 (IMS)S U2 393 
(1800): Ticmann and Kruger. Bcr.. 31. 820 (1898); Stichl. J. prakl. Chcm.. 68. 61 (1898); 
59. 497 (1899). 
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hols 20 thus differ in being cis-lrans isomers about the double bond con¬ 
jugated with the aldehyde group in the citrals. Both geraniol and nerol 
on treatment with acid yield a-terpineol. However, nerol undergoes the 
change much more rapidly than does geraniol and is assigned the struc¬ 
ture most favorable to cyclization. 21 Hence, citral b is often called 
rutral, and citral a, geranial. Natural citral is a mixture of the isomers. 



Citral a Gcraaiol 

(geraniol) 


In order for cyclization of geraniol to occur, it first must undergo con¬ 
version to nerol. 

Geraniol and nerol are important terpene alcohols of natural occur¬ 
rence. Geraniol occurs in Turkish geranium oil in the free state and is 



Geranie acid Citral a 


“ Zcitschal, Ber., 39, 1780 (1900). 


10 Tiemann, Ber., 31, 828 (1898). 
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found in a large number of other natural oils either free or in the form 
of its esters. It has a pronounced rose odor. Nerol is found in the oils 
of neroli and bergamot. The esters of geraniol and nerol are used in the 
manufacture of perfumes. 

Citral a has been synthesized from 6-methyl-5-hepten-2-onc (p. 580), 
and, since this compound has been prepared from 2-methyl-2,4-dibromo- 
butane and acetylacetone, the reactions constitute a total synthesis.”’ 23 

Linalool, the most chemically reactive member of the acyclic oxy¬ 
genated monoterpenes, is an optically active alcohol, Ci 0 H Ig O, which 
occurs free in the wood of a tree, Ocolea candala, and in oils of rose and 
bergamot, and is otherwise rather widely distributed either as the free 
alcohol or in the form of esters. 

Catalytic hydrogenation of linalool yields a saturated alcohol, 
CioH 22 0, dehydration of which gives a hydrocarbon, C| 0 H 2 (h which 
can be oxidized to methyl isohexyl ketone. Ethylmagnesium bromide 
converts methyl isohexyl ketone to the racemic form of the saturated 
alcohol, Ci 0 H 22 O, derived from linalool by hydrogenation. 24 Linalool 
is, therefore, a tertiary alcohol. Permanganate oxidation of linalool 
gives acetone and levuiinic acid. n 



The structural problem was complicated by the appearance of deriva¬ 
tives of geraniol. Thus, linalool with acetic anhydride forms an acetate 
that on hydrolysis yields geraniol. Chromic acid oxidation of linalool 

a Barbicr and Bouvcault. Compl. rend., 122, 393 (1896). 

M Tiemann. Der.. 31, 828 (1898). 
u Barbicr and Locquin. Ann. cfiim., |9j 2, 400 (1914). 
a Tiemann and Semnder. Ber., 28, 2126 (1895). 
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gives citral a (geranial). 28 - 27 These results are explicable on the basis of 
the allylic rearrangement, which in the case of linalool takes the form: 

k° H 

$ 

Linalool 

di-Linalool has been synthesized from 6-methyl-5-hepten-2-one by 
condensation with sodium acetylide followed by partial hydrogenation. 28 




Linalool may be cyclized to a-terpineol by treatment with strong 
acid. 29 The rate is intermediate to that of nerol (most rapid) and that 
of geraniol. The most striking fact in the cyclization is that linalodl, 
itself optically active, yields active a-terpineol, a result which forbids 
the postulation of a free carbonium ion intermediate (V) for these 
cyclizations. 20 



v 


It is clear that the cyclization of linalool to a-terpineol must proceed 
by some such process as shown, in which the asymmetry at carbon 6 is 

’•Barbicr. Compt. rend., 114, 674 (1892); 116, 883. 993, 1062. 1200. 1459 (1893); Bull, 
toe. chim. Prance, (3) 9, 802, 810. 914, 1002 (1893). 

” Bouchardat, Compt. rend., 116, 1263 (1893). 

** Ruricka and Fornaair, Helv. Chim. Ada, 2, 182 (1919). 

” Zeitschel (inter al.), Bcr., 39, 1780 (1906). 

“ Hammett. "Phy.ic.1 Orpuhc Chemistry." McGt.-HOl Book Co.. New York (1940). 

' F ° r m0r * r6Cent WOrk Cram> J • Am Chfm - Soc.. 71, 3863. 3875 (1949)- Swain 

dnd., 70, 1119 (1948); Swain and Eddy, itod., 70, 2989 (1948). * ’ 
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lost through formation of the double bond at this position only as asym¬ 
metry is conferred upon the new center at carbon atom 3. 



Cyclization Reactions of Acyclic Oxygenated Terpenes. Some re¬ 
actions of this type have already been discusser!, namely, the acid- 
catalvzed conversions of nerol, geraniol, and linalool to a-terpineol. 
The cyclization of citronellal to isopulegol, some cyclizations involving 
citral and its derivatives, and a mode of cyclization of geraniol which 
differs from that previously discussed also are of interest. 

The principal cyclization product of citronellal is isopulegol;How¬ 
ever, menthone also has been obtained as a minor product of the re¬ 
action. 52 The production of menthone is explained most reasonably on 
the basis of a double-bond migration, which would be expected to take 
place under the conditions of cyclization. 



Citronellal I»opuleicol I’ulrgol VI 

1 



Menthone enol Menthone 


In addition to menthone, both pulegol and the dihydric terpene alcohol 
VI, formed by hydration of pulegol or isopulegol, have been isolated 

*■ Ticmann and Schmidt. Ber.. 29. 913 (1896); 30. 27 (1897). 

“Barbier and Bouveault. Comp*, rend.. 122. 737 (1896); Bouvcault. Bull. toe. ch\m. 
France. (3) 23. 463 (1900). 
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from the reaction mixture. 33 Isopulegol acetate may be obtained in ex¬ 
cellent yield by treating citronellal with acetic anhydride. 

Citral on treatment with strong acids yields p-cymene.* 4 The follow¬ 
ing sequence of reactions and double-bond migrations accounts for this 
transformation. 



p-Cymcne 


The menthadicnol VII has been isolated as an intermediate in the 
process. 36 

The conversion of citral to p-cymene by acids involves the aldehyde 
function since, if this is blocked by Schiff base formation, the cyclization 
takes a different course with the production of a- and 0-cyclocitrals. 36 



1. Acid 

2. Hydrolysis 


• or 

0-Cyclocitrsl o-Cyolooilrsi 

** Barbior and Laser, Compt. rend., 124, 1308 (1897). 
u Semmlcr, Ber., 24, 202 (1891). 

* Verley, Bull. toe. chxm. France, (3) 21, 408 (1899). 

» Haarmann and Reimor, Ger. pat. 123.747 [Chem. Zenlr., 72. II, 716 (1901)]. 




504 


ORGANIC CHEMISTRY 


Picrocrocin is one member of a series of glycosides of structure related 
to 0-cyclocitraI.* 7 

CHO 



Glucose—0 

Picrocrocin 


In contrast to geraniol, the cyclization of which produces a-tcrpineol, 
geranyl acetate on treatment with strong acids followed by hydrolysis 
yields a- and &-cyclogeraniol} % The oxidations of a - and /3-cyclogeraniol 
yield a- and 0-cyclocitral, respectively. 




HiOII 


CHiOAe 

2. Hydro!) I II 
Geran> I acetate 0*Cyclogeraniol a-Cycloficranio! 

jero, I CrOj 

0-Cyclocitral a-Cyclocitral 

Condensation of acetone with citral yields the acyclic f-ionone, which 
is cyclized by acid to a mixture of a- and 0-ionone .*• 


cjc 

Citral a 


CHO 


+ CHjCOCHj 





CH—CHCOCH, 


The condensations of acetone with a- and /3-cyclocitral also yield a- 
and 0-ionone. 40 

v Kuhn and Winter*tein, Ber., $7, 344 (1034). 

** Ilnarmann and Reimcr. Gcr. pat. 138,141; Bouveault, Bull. toe. chim. France. (4| 
7, 354 (1910). 

*»Tiemann and Kruger. Ber.. 26, 2079 (1893); 26, 2G93 (1893): Hibbort and Cannon, 
J. Am. Chem. Soe.. 46, 119 (1924). 

,0 Haarmann and Reimer. Gcr. pat. 116.637 [Chem. ZerUr.. 72, I, 148 (1901)). 
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/S-Ionone occurs naturally in the oil obtained from Bovonia mega¬ 
stigma, 41 but the usual source of the compound is the cyclization of 
^-ionone described above. Ionone is used extensively in the preparation 
of perfumes, and in the synthesis of vitamin A. In dilute solution it has 
an odor like violets. 

Irone, a ketone which occurs in small amount in the oil obtained from 
orrisroot (Iris florenlina), is of interest in its relation to the ionones. 
Indeed, the first formula (VIII) proposed 41 for irone was isomeric with 



CH=CHCOCH 3 


vui 


the ionones, but subsequent work 4 * showed that the formula was 
C 14 H 22 O, which contains one more methylene group than the ionones. 

The products of ozonolysis and oxidation of irone were incorrectly 
interpreted to indicate the presence in the molecule of a seven-membered 
ring . 44 More recently the presence of a six-membered ring has been es¬ 
tablished conclusively , 45 and natural irone has been concluded to be a 
mixture of isomers in which 7 -irone predominates. 




CH=CHCOCHj 


7-Irono 


7-Ironc is isomerized to a- and 0-irone by the action of acids and 
alkalies . 46 


'iX 


CH=CHCOCH, 


a-1 rone 



CH=CHCOCIIj 


(Mr-one 


41 Penfold and Phillip. J. Roy. Soc. IF. Australia. 14, 1 (1928) 

Tiemann and Kru 8 er. Ber.. 26. 2675 (1893); 28. 1757 (1895); 31, 809 (1898). 

<1933* *• 3 “ <m9): Rullck »- S*M. .nd Shin,, ibid.. ,6. 1143 

“ Ruric . ka * «. 935 (1940); 24, 1434 (1941); 25, 18S (1942) 

2198 (1947,: ”■ ,0 °' “ 7 Bacbmnnn. 

•• Riulcka, Seidel, and Firmeniach, ibid., 24, 1434 (1941); Rosier. Ber., 77, 659 (1944). 
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The synthesis of an inactive mixture of the sterioisomeric a- and 0- 
irones has been carried out as shown. 47 I rone is used extensively in 
violet-seen ted perfumes. 




Monocyclic Terpenes 

Hydrocarbons. The mast important group of monocyclic terpenes 
is composed of dienes derived from 1 -methyl-4-isopropylcyclohexanc 
(p-menthane). The determination of the structures of the compounds 
in this group involved the establishment of the presence of the p-mcn- 
thanc skeleton, usually by conversion of the terpene to p-cymcne, and 
the determination of the positions of the two double linkages. 



p.r ymrrif p-McntUnv ... 

Limonene (1,8-p-monthadienc or p-menthadiene-1,8) is the most im¬ 
portant and most widely occurring monocyclic terpene. It is found in 
the oils of lemon, orange, caraway, peppermint, dill, and bergamot, 
among others. The molecule contains one asymmetric carbon atom, and 
the corresponding d- and Mimonenes arc known as well as the racemic 
form, which is called dipenlene. Large quantities of limonene are pro¬ 
duced as a by-product of the citrus industry. 

Limonene is particularly important because of its relation to some of 
the oxygenated monocyclic terpenes from which it may be derived; thus 

Kuzicka cl at.. licit. Ckim. Acta. 30. 1810 (1947); 31. 422 (1948). 
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the structure work on limonene was intimately connected with that done 
on a-tcrpineol and more particularly with that on carvone. 

Limonene boils at 176-176.4°. All the monocyclic terpene hydrocar¬ 
bons boil at about the same temperature, which historically rendered 
separation of the natural mixtures by distillation extremely difficult. 
Frequently the compound of interest was isolated by preparing a solid 
derivative from which the pure terpene hydrocarbon was regenerated. 
Later developments in fractional distillation made satisfactory separa¬ 
tions possible even where the boiling points differ by only 2-3°. 

Limonene forms a dihydrochloride, a dihydrobromidc, and a tetra- 
bromide, 48 showing the presence of two olefinic linkages. Exhaustive 
bromination of limonene dihydrobromide followed by reduction with 
sodium yields p-cymene. 4 * The production of p-cymcnc indicates that 
limonene is a p-menthadiene. The positions of the two double bonds 
were established principally with reference to the structure of carvone. 
The interrelationship in structure of carvone and limonene was estab¬ 
lished through the use of nitrosyl chloride, a reagent first employed by 
Tilden for the preparation of solid derivatives of the terpenes. 80 The 
olefinic linkage reacts with nitrosyl chloride to yield as the first product 
a nitroso chloride, which can be isomerized to an isonitroso compound 
(oxime) readily if the carbon atom to which the nitroso group is at- 


C 

\ 

C=CH—C + NOCI 
C 


C Cl NO 

\l I 

C—CH—C 

/ 

C 


C Cl NOH 

\l II 
c—c—c 

/ 

c 


tached beam a hydrogen atom. When the hydrogen atom is not pres¬ 
ent, e.g., in the case of double bonds which bear four substituents, a 
stable nitroso chloride is obtained. The nitroso chlorides of tetrasubsti- 


C C 

\ / 

C=C + NOCI 
/ \ 
c c 


U Ul NO C 

\l 1/ 
c—c 

/ \ 


tuted ethylenes are blue, 81 an observation originally made by Baeyer, 
and this fact has been of extreme value in locating double bonds in the 

44 Wallach, Ann., 226, 304. 318 (1884). 

° Oppenheim. Ber., 6. 628 (1872); 6, 450. 915 (1873). 

40 Tilden. J. Chem. Soc., 31, 554 (1877). 

11 Not all nitroso compounds are blue. Only those that are monomer^ in im 

“r h ,° *L Ue COl ° r * S °! id “ itrOSoben20ne b co,orless “d dimeric: the melt is blu£ 
SeL PreSOnC ° monomer - Limonene nitroso chloride is dimeric, hence 
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p-menthane skeleton since the 4,8-position is the only one in which a 
double bond can be tetrasubstituted in the p-menthane skeleton. The 
addition of nitrosyl chloride to unsymmetrically substituted olefins 
follows MarkownikofTs rule, with the nitrogen atom becoming attached 
to the carbon atom bearing the larger number of hydrogen atoms. 

Limonene is transformed by nitrosyl chloride to a nitroso chloride 
which is converted into carcone oxime by the action of alkali. 65 With the 
independent determination of the structure of carcone the structure of 
limonene was established. 



Carvone Carvon* oxima 


Both lerpin and a-terpincol give limonene in addition to other tcr- 
pene hydrocarbons on dehydration. 63 These observations, taken with 
the independent structural determinations of the two oxygenated tcr- 
pencs, played a large part in the establishment of the structure of 
limonene and other terpene hydrocarbons. 



That dipentene is racemic limonene was not established in the early 
work on the terpencs since /-limonene was not isolated and characterized 


M Goldschmidt and Ziirrer. Her.. 18. 2220 (1885). 

« Flavitsky, Bcr.. 12. 1022. 1406. 2354 (1879) ; 20. 1956 (1887); Tddon. J. Chem. Soc.. 
35, 287 (1879); Wallach. Ann.. 230. 25S (1886). 
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until some time after the d-isomer had received considerable study. 
The identity in question was established by comparison of a mixture 
of d- and Mimonene tetrabromides with dipentene tetrabromide, as 
well as by similar comparisons of other derivatives. M Dipentene has 
been synthesized by dehydration of synthetic a-terpineol, 66 but attempts 
to prepare the pure optically active forms of limonene from the active 
terpineols have been unsuccessful. 5ia 

Of the many other reactions of limonene, that of greatest interest is its 
decomposition to isoprene on being passed over heated metal filaments. 64 
Moreover, isoprene readily dimerizes to form dipentene. 67 The relation 
of these observations to the isoprene rule is obvious, but it cannot be 
concluded that limonene is formed naturally by the dimerization of iso¬ 
prene since isoprene has not been isolated as a naturally occurring com¬ 
pound. 

The other reactions of limonene are in accord with its structure. 
Complete hydrogenation 64 yields p-menthane; partial hydrogenation 69 
over platinum black produces very pure 1-p-menthcne. Ozonolysis 40 
gives the expected diketo monocarboxylic acid IX, and perbenzoic acid 



gives both a monoxide and a dioxide. 41 The monoxide is formed by par¬ 
ticipation of the double bond at C-l. Air oxidation of limonene, a rela¬ 
tively slow process, gives dl -carvone and d/-carveol. 4J 

The existence of terpinolene as a natural product was demonstrated 
conclusively only in 1942,« although the compound has been known 

64 Wallach. Ann., 246, 221 (1888). 

u Perkin, J. Chem. Soc.. 86, 654 (1904). 

“• Fisher and Perkin, ibid.. 93, 1871 (1908). 

“Staudingor and Klover, Ber., 44, 2213 (1911). 

M Tilden, J. Chem. Soc., 45. 410 (1884); Bouchordat, BuU. eoc. chim. Prance, 121 24 
112 (1875). 1 * 

11 Sabatier and Senderens, Compt. rend.. 132, 1256 (1901). 

‘•Sabatier and Senderens. ibid., 134, 1130 (1902). 

M Harries and Adam. Bcr., 49, 1034 (1916). 

“ Prilaschoov, Ber., 42, 4814 (1909); Meerwcin. J. prakl. Chem.. 113, 19 (1926) 

41 Btuman and Zeitschel. Ber., 47, 2623 (1914); Dupont, Ind. chim. beige. 11, 3 (1940) 
******* J ' 2 - 17 < 1907 > (C* A - 1. 2158 (1907)1; Schimmel’* Report, 
1909, October, p. 33; Briggs and Sutherland, J. Org. Chem., 7, 397 (1942). 
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from the earliest investigations of the terpencs as one product of the 
action of dilute acids on a-pinene, terpin, and a-terpineol. 64 


7 



a.Trrvmcnr >.Terpin*ne 


The preparation of pure terpinolene is difficult since acids cause iso¬ 
merization to the terpinencs. To obtain pure samples one must resort 
to denomination of the well-characterized crystalline tetrabromide with 
zinc. 6 * 

Terpinolene reacts with hydrogen chloride to yield dipentcnc dihydro¬ 
chloride and with nitrosyl chloride to give a blue nitrosochloride, 66 
observations which demonstrate the presence of two double bonds in 
the p-menthane skeleton, one of which must be completely substituted 
to account for the blue nitrosochloride, and hence in the 4 ,8-posit ion. 
The presence of the second double bond in the 1,2-position was indi¬ 
cated by the preparation of terpinolene from a-tcrpineol by dehydra¬ 
tion. Furthermore, the elimination of acetic acid from y-terpineol ace¬ 
tate by treatment with quinoline gives terpinolene. 46 



T-Terpinrol acetate Terpinden* ff-Tl.ujakct nine tone 

« Wattach. Ann.. 227. 283 (I8S4>: 239. 34 (1887). 

« Baeycr. Her.. 27, 443 (1894); Scmmlcr and Scho>sbcrgor. Her.. 42, 4044 (1900). 
•• Baeycr. Bet.. 27, 443 (1894). 
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7 -Terpineol acetate and the corresponding alcohol, 7 -tcrpincol, form 
blue nifcrosochlorides in accordance with the presence of the tetrasubsti- 
tuted double bond . 66 Chromic acid oxidation of terpinolene yields 
0 -thujaketolactone . 67 

Three of the isomeric p-menthadienes are designated a-terpinene, 
0-terpinene, and 7 -terpinene. Only a- and 7 -terpinene have been shown 
to be natural products, the former occurring in the oils of cardamon, 
marjoram, and coriander, the latter in the oils of coriander and lemon as 
well as in other natural essences. The dehydration of a-terpineol and 
terpin by acids produces, in addition to limonene and terpinolene as de¬ 
scribed above, both a- and 7 -terpinene . 66 Linalool and geraniol arc con¬ 
verted to a-terpinene by the action of anhydrous formic acid . 69 In these 
dehydration and cyclodehydration reactions, a-terpinene is usually the 
major product, presumably as a consequence of enhanced stability due 
to the conjugated system of double bonds. a-Terpinene is isomerized 
partially by acids yielding terpinolene and 7 -terpinene . 70 Samples 
always contain a small amount of 7 -terpinene. 

The three terpinenes are optically inactive, and all three form the 
same dihydrochloride, which is similar in properties to the isomeric 
dipentene dihydrochloride. 

The permanganate oxidation of a-terpinene yields the dihydroxydi- 
carboxylic acid X , 71 the synthesis of which established the structure of 
a-terpinene . 72 



M Wallach and Kcrckhoff. jinn.. 275, 103 (1893). 

M.X'Z J - Pratl - Chm - " 601 (,892>: “d Gildomeialor, 

70 Semmler. Ber., 42, 965 (1909). 

71 Wallach. Ann., 362, 296 (1908). 


71 Wallach. jinn., 362, 268 (1908). 
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Subsequent work substantiated the structural assignment. Ozo- 
nolysis of a-terpinene yields glyoxal and the diketone XI, 73 and the ultra¬ 
violet absorption spectrum 71 of a-terpinenc (X max 265 m#i) shows the 
presence of two conjugated double bonds in the ring. a-Terpincne re¬ 
acts with maleic anhydride and acetylene dicarboxylic ester in the Dicls- 
Alder synthesis. The product of reaction with acctylenedicarboxylic 
ester on pyrolysis loses ethylene with conversion to methylisopropyl 
phthalate. 74 This reaction, which involves the elimination of the eth¬ 
ylene bridge, is general and useful in determining the structures of 
substituted cyclohexadienes with conjugated double bonds. 74 *’ 

V HO 
CHO 

i xl 

I C.II ; <X)C-C«C-COOC,II» 

^CU0C 2 1I S 

Ileal 

'"COOCjilj 





a-Terpincnc has been synthesized from carvacrol and from carvc- 
none. 77 



Corvcnone 




a.TerpincDC 


As a cyclohexadiene, a-terpinene must be unstable with reference to 
p-cymene. This relationship is demonstrated by the conversion of a- 


71 von Auwcrs and Hinterscbcr, Her., 48, 1357 (1015). 

71 Booker, Evans, and Gillum. J. Chem. Soc., 1453 (1940). 
n Alder and Hickcrl, Der., 70, 13G4 (1937). 

714 Littmann. J. Am. Chem. Soc.. 57, 5SG (1935). 

7 * von Auwers and Hessenland. Iter., 41, 1790 (1908). 

77 Semmler. Her., 41, 4474 (1908). 
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terpinene to a mixture of p-menthane and p-cymcne on treatment with 
hydrogen-saturated palladium at room temperature. 79 



0-Terpinene is not a natural product but 1ms been prepared from 
sabinene. 70 



Sabi none Sebioemc acid Sabin* ketone 



/LTerpioeno 


The presence of 7 -terpinene in the dehydration products of a-tcrpincol 
and terpin was indicated by Wallaces isolation of a tetrahydroxy-p- 
menthane (XII) in studies of oxidation of the mixture with alkaline 
permanganate. 80 The further oxidation of XII gave isopropyltartronic 
acid (XIII) and oxalic acid. On this basis, Wallach proposed the for- 
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inula for y-terpinene which has been confirmed by synthesis 81 by reduc¬ 
tion of p-cymene in liquid ammonia with sodium and alcohol, although 
the terpene was probably the initial product of the following synthesis 
due to Baeyer . 82 


XOOCtHs 

2^’ 

ch 2 

xooc 2 h 5 



CHjI 


NftOCVU 



Y-Tcrj^ncne 


Actually, the major product of this synthesis was the conjugated, 
hence more stable, diene, a-terpinene, produced from the 7 -isomer by 
double-bond migration in the ultimate step of the synthesis. 

Crithmene, thymene, and moslene have been shown to be identical 
with y-terpinene.” 


•' Birch. J. Chcm. Soe.. 432 (1944). 

« Bacycr. Her.. 26, 232 (1893); Harries. Her.. 35. 1170 (1902). 
“ Richter and Wolff. Der.. 60. 477 (1927); 63. 1714 (1930). 
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Unlike terpinolene and the terpinenes, the two phellandrenes are 
optically active. Early work with the phellandrenes was complicated 
by failure to recognize the existence of double-bond-position isomers as 
well as optical isomers. Credit for recognition of the existence of a- and 
0 -phellandrenes is in large measure due to Wallach, 84 and his investi¬ 
gations of the phellandrenes are worthy of considerable discussion. 

d-a-Phellandrene is found in elemi oil and the oil of bitter fennel, 
whereas its enantiomorph, l-a-phellandrene, has been shown to occur in 
eucalyptus oil. d-0-Phellandrene is found in water fennel oil, and the 
levorotatory isomer occurs in Japanese peppermint oil. 



a>Phellandrene 



0-PhcllamJrcnc 


Wallach’s investigation of the phellandrenes involved for the most 
part a study of the phellandrene nitrosites. Nitrosites are derivatives of 
olefins produced by the addition of the elements of N 2 0 3 to the double 
bond, and have been extensively used for the characterization of ter- 
pene hydrocarbons. 

\ / \ / 

C=c + INjOjJ - c—c 

/ \ /I l\ 

NO, NO 

The addition is carried out conveniently by adding acetic acid to a solu¬ 
tion of the terpene in hexane in which an aqueous solution of sodium 
nitrite is suspended. The colorless nitrosites are dimeric, and two classes 
are known: those which are nitrosonitrites and react with amines with 
the formation of nitrolamines and with alkali hydroxide as do the nitroso- 
chlondes with the formation of the oximes of «,fl-unsaturated ketones; 
and those which are nitrosonitro compounds and which, provided the 
requisite structural features are present, react with sodium alcoholates 
W!th the production of unsaturated nitro compounds. Nitrosites of the 

C^N l£ g r y ^ redUCed 40 diamineS ' Sh0Wing the P resence of tw ° 

“ WoUnch. Ann., 324, 270 (1002); 336. 0 (1004). 
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N 

HOAc / \ 


\ / 

C-CH 

/I I 

H NH, NHj 


Nitrosite formation produces two asymmetric centers, thereby giving 
rise to the possibility of four stercoisomeric products. 

a-Phellandrene yields two crystalline stereoisomeric nitrosites, both 
of which on treatment with sodium methoxide yield nitro-ccphellandrene, 
an optically active yellow oil. Reduction of this nitro derivative with 
zinc in acetic acid gives optically active carcotanacelotie (p. 607). 85 

Reduction of the a-phellandrene nitrosites gives the corresponding 
stereoisomeric diamines (XIV). With bromine, a-phellandrene forms 
a dibromide that easily loses two molecules of hydrogen bromide under 
the influence of alkali with the production of p-cymenc, an observation 
that was interpreted to indicate that both double bonds are in the ring 
of the p-menthane skeleton. 1 * The formation of carvotanacetone also 
indicates that the double bonds in a-phellandrene are in the ring. Per- 


» Wollach. Ann.. 313. 345 (1900). 
m WaUach. Ann., 287. 383 (1895). 
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Nilro-o-phcllandrene 


manganate oxidation of a-phcllandrcne produces the fragments XV and 
XVI, indicating that carbon atoms 3, 4, 8, 9, and 10 are saturated.* 7 
The structures of XV and XVI have been confirmed by synthesis. 88 



*’ Sommlor, Ber., 36, 1749 (1903). 

“ Gibson and Simonson, J. CW Soc .. 1079 (1929) 


; Henry and Paget, ibid.. 73 (1928). 
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The synthesis of a-phellandrene from carvotanacetone confirmed the 
structure. 8 * 



Carvotanacclone a-PhclIaixlrcnc 


a-Phellandrene shows the absorption maximum* 0 at 202 nip character¬ 
istic of conjugated dienes with both double bonds in a six-membered 
ring.* 1 It adds oxygen in the presence of light and a fluorescent dye to 
yield a transannular peroxide, XVII, isomeric with the naturally occur¬ 
ring terpene peroxide, ascaridole, obtained in a similar manner from 
a-terpinene.* The terpene reacts readily with maleic anhydride to yield 



XVII Aocnridole 


a normal Diels-Alder adduct, and the similar reaction with naphthoqui¬ 
none has been turned to advantage in a very elegant proof of structure 
of a-phellandrene.* 3 



»» Harries and Johnson. Her.. 38. 1832 (1905). 

M Booker. Evans, and Gillam. J. Chem. Soc.. HS3 (1940). 

91 Woodward. J. Am. Chem. Soc.. 64, 72 (1942). 

7i Schcnck and Zie*ler. Xalurwsenscha/lcn. 32. 157 (1945) |C\ A.. 40, 2132 (1940)). 
*J Diels. Alder, and Stein, Her.. 62. 2337 (1929). 
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/3-Phellandrene yields two stereoisoraeric nitrosites which on treatment 
with sodium alcoholate are converted to nitro-0-phellandrene. u Reduc¬ 
tion of the nitro compound with zinc dust produces dihydrocuminalde- 
hyde and dihydrocuminylamine .** Reduction of the original nitrosite 
yields a diamine. The formation of dihydrocuminaldehyde shows that 
/3-phellandrene is a p-menthane derivative, and that there is not a double 
bond in the isopropyl group. The appearance of the aldehydic function 
at C-7 shows that one of the double bonds of /3-phellandrene must be in 
an exocyclic methylene group. With this double bond located only one 
structure is possible for /3-phellandrene since the terpene is optically ac¬ 
tive and the second double bond cannot involve C-4 of the p-menthanc 
nucleus. 



Dihydrocumi naidehyde 


Oxidation of 0-phellandrene with dilute aqueous permanganate gives 
an impure glycol that is isomerized by dilute acid to telrahydrocumin - 
aldehyde (phellandral) *« of structure XVIII, as shown by synthesis ” 
^Phellandrene is readily oxidized by air to 4-isopropyl-2-cyclohexenone 
and formaldehyde.* 8 

" ™ a H nch and Beschko> Ann •• a*. « (1904); 340, 1 (1905). 

“ Wallach, Ann.. 343, 39 (1905). 

" Wallach, Ann.. 340, 12 (1905); 343. 42 (1905). 

„ !v r “5 k '“" d Shotwc "' J ' Am - 71. 3889 (1949). 

Wallach. i4nn.. 343, 29 (1905). 
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The ultraviolet absorption spectrum (X mM 232 mu) ,0 of 0-phcllan- 
drene is typical of conjugated dienes of its type.* 1 The terpene does not 
react readily with maleic anhydride, presumably because of the geometry 
of the molecule. When the reaction with maleic anhydride is forced, a 
small yield of the maleic anhydride adduct of a-phellandrcne is ob¬ 
tained.” The unambiguous synthesis of 0-phellandrcne has not been 
achieved. 

Sylvestrene, which was first isolated from pine-needle oil, 100 is of interest 
since it is related to m-cymene. 101 Sylvestrene is an inseparable mixture 
of isomers XIX and XX. ,w The carbon skeleton may be derived from 
two isoprene units (XXI). It is doubtful whether sylvestrene occurs as 



such in nature. It has been shown that the precursor of sylvestrene is a 
mixture of 3- and 4 -carene, which are readily isomerized to sylvestrene, 

” Goodway and West. J. Chem. Soc.. 2028 (1938). 

100 Atterberg. Bet.. 10. 1202 (1877). 

101 Baeyer and Villigcr. Ber., 31, 1401 (1898). 

io» Perkin. Haworth, and Wallach. J. Chem. Hoc.. 103. 1228 (1913). 
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and that the so-called sylvestrene fractions of pine-needle oil are actually 
mixtures of the carencs. 1 ® 3 



4-Carcne 3-Carcne 


Carieslrenc is d/-sylvestrcne, since synthetic carvcstrenc dihydro¬ 
chloride, prepared from carone, is identical with an equimolar mixture 
of natural d- and Z-sylvestrene dihydrochloridcs. 104 




hydrochloride 



Carvoatrcne 

dihydrochlorido 


The isomerization carylamine —» vestrylamine occurs on warming a 
solution of the hydrochloride of carylamine, and distillation of vestryl¬ 
amine hydrochloride produces a hydrocarbon that with hydrogen 
chloride gives carvestrene dihydrochloride. 

Oxygenated Monocyclic Terpenes. The structural investigations 
of a-terpineol developed concurrently with those of limonene and the 
terpinenes, and the elucidation of its structure did much to clarify and 
make certain the structures of several terpenes and their oxygenated 
derivatives. Thus hydration of a-terpineol gives lerpin, dehydration 
gives limonene and dipentene, and reaction with hydrogen chloride 

goTSSr * ^ 117,570 (1920): 549 (1923,: m ’ 2292 (1922 >= 369 a**); 

*** Baoyer. Ber., 27, 34S6 (1894); Haworth and Perkin. J. Chem. Soc., 10S, 2226 (1913). 
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yields dipentene dihydrochloride. 10 * Careful oxidation of a-terpineol 
yields homoterpenylic acid, terpenylic acid, and terebic acid. 106 



Homoterpenylic acid Terpenylic acid 



Terebic acid lias been synthesized by condensation of diethyl bromo- 
succinate with acetone in the Reformatsky reaction, followed by hy¬ 
drolysis. 107 


COOC-Hj 
CjHjOOC CH, 

f 

Br 


Zn 

CH.COCH, 


COOC 2 H s 

C,H$OOC CH, 

CH _HI 

C-OZnBr 
CH, CH, 



Conversion of a-terpineol to p-cymene showed that the p-menthanc 
skeleton was present. These observations, together with the fact that 
a-terpineol is optically active and that oxidative degradation shows that 
the hydroxyl group is tertiary, were interpreted in terms of the correct 
structures for a-terpineol and the closely related terpin. ,oft 



c-Tcrpmcol Tcrpin 


'« Tilden. J. Chon. Hoc.. 33, 247 (1879); Bcr.. 12, 848. 1131 (1879); Wallach. Ann., 227, 
280 (1885); 230, 247 (1885). 

108 Wallach, Ann.. 276. 151 (1893); 277, 110 (1893); Bcr., 28. 1775 (1895); Tiemann 
and Sommlcr. Bcr.. 28, 1778 (1895). 

101 Blaise, Compt. rerul.. 126, 350 (1898). 

>•* Wagner. Bcr.. 27. 1652 (1894). 
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An earlier suggestion 109 that the hydroxyl group was in the 4-position 
of the p-menthane nucleus proved untenable since such a structure 
could not give optically active limonene on dehydration. 

The thorough oxidation study gave, in addition to the fragments 
already mentioned, the keto lactone XXII, 110 the study of which, in 
its relation to the less proximate oxidation products, substantiated the 
correctness of the formulation of a-terpineol. The keto lactone XXII 
has been synthesized. 1,1 



XXII 


The total synthesis of a-terpineol m confirmed the degradation and 
consequently fixed the structures of terpin and limonene. 



Subsequently the intermediate ester XXIII was hydrolyzed, resolved, 
esterified, and carried through the ultimate step of the synthesis to give 
the two optically active a-terpineols. m 

a-Terpineol occurs widely distributed in both active forms and as the 
racemate, and frequently is encountered in the form of its esters. Pure 
d-a-terpineol melts at 38-40°, [a]g - +100°, although a variety of physical 
constants have been recorded for the material from various sources. 

1M BrQhl. Ber., 21, 464 (1888). 

Baeyor and Baumgaitel, Ber., 81, 3217 (1898). 

Owen and Simonaen, J. Chem. Soe., 1424 (1932). 

,u Perkin, ibid., 88, 654 (1904). 
m Piecher and Peririn, ibid., 93, 1871 (1908). 
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The alcohol is prepared commercially for the perfume industry by the 
dehydration of tcrpin or from pinene by the action of sulfuric acid in 
acetic acid."* 



a-l'intor 


The dehydrations of terpin and of the closely related terpinene-terpin 
yield a number of isomeric unsaturated monoterpenc alcohols. 116 



Ttrpin «-Terp«i**»l tf-Tcrpineol r-Tcrpinwl 



Terpi Miw-trrpin l-Terp.iKi.-4-ol 3-Terpin«-l-©l 


Of these substances, only a-terpineol and l-terpincn-4-ol arc known 
to occur naturally. 

The oxygenated monocyclic terpene which has been studied most 
completely is menthol, and a number of oxygenated terpenes can be 
conveniently classified on the basis of their relation to this substance. 



»'• Flavitsky. Ber.. 20. 1957 (1887). 

n* Simonson. "The Torpencs." Cambridge University Press. London (1947). -nd ed.. 
Vol. I. pp. 267-80. 
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The number of stereoisomers possible in this group of substances 
increases from pulegone and piperitone, each of which has one d- and 
one l- form and one racemic mixture, through isopulegone and menthone, 
for which there are four active modifications and two racemic mixtures, 
to menthol with three asymmetric carbon atoms and hence eight opti¬ 
cally active ‘ modifications and four racemic mixtures. The stereo¬ 
chemistry of the menthols has been elucidated satisfactorily and will be 
discussed subsequently. All these substances have been found in nature, 
and the elucidation of their chemical and stereochemical relationships 
constitutes one of the most interesting chapters in the chemistry of the 
terpenes. 

Pulegone is the principal component of oil of pennyroyal. 1,6 The 
ketone occupies a unique position in that its constitution was established 
prior to that of any terpene hydrocarbon. Two degradative reactions 
together with its molecular formula and its properties as an a,0-unsatu- 
rated ketone sufficed to prove its structure. Oxidation with perman¬ 
ganate gives acetone and 0-raethyladipic acid, 1,7 and hydrolytic treat¬ 
ment in the presence of either acid or alkali yields acetone and 3-methyl- 
cyclohexanone. 111 





The cleavage of the isopropylidene group on hydrolytic treatment 
represents a reversal of an aldol condensation and is mechanistically 

3M^!voTl“p. Si '' Di * IKheriich “ O'*'" * Co.. Leipsig (1928). 

m Semmlcr. Ber., 25, 3519 (1892). 
m Wallach, iinn., 289, 337 (1896). 
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equivalent to the cleavage of citral into methylheptenone and acetal¬ 
dehyde. Pulegone has not been synthesized directly, although its prepa¬ 
ration from eitronellal via isopulegol is straightforward." 9 




On the basis of the results of an ozonolysis of the pulegone fraction 
of pennyroyal oil, which yielded formaldehyde in addition to acetone, 
it was suggested that isopulegone occurred naturally. 150 By taking 
advantage of the failure of isopulegone to form a bisulfite addition 
compound, its separation was realized. The identity of the material 
so obtained has been questioned, m * 155 but later work has demonstrated m 
that for the similarly constituted mesityl oxide the corresponding iso¬ 
meric forms are in equilibrium. 


CH, 

\ 

C=»CHCOCH, 

/ 

CH, 

91% 


CH, 


\ 


C—CH,COCH, 


CH, 


9% 


There seems little doubt that a similar situation exists for pulegone and 
hence that isopulegone has been shown to occur in nature. The position 
of equilibrium in the ease of mesityl oxide shows that the a,0- and 
0 ,-y-forms do not differ greatly in energy, and hence that conjugation 


»• Tiemann and Schmidt. Bee.. 29, 913 (1896): 30, 22 (1897). _ 

Grignard and Savard, Comp,. rend.. 181, 589 (1925); 182, 422 (1926); Bull. .»c. ck,m. 
Beige*. 36, 101 (1927) \C. A.. 21. 2678 (1927)]. 

m Hugh. Kon. and Linstead. J. Chcm. Soc., 25S5 (1927). 

'» Naves, Nth. Chim. Acta. 26, 162 (1943). 

.* Gray. Rasmussen, and Tunniciiff. J. Am. Chcm. Soc.. 69. 1630 (1947); Stress. Monger, 
and Finch, ibid.. 69. 1627 (1947). 
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of the olefinic linkage with the carbonyl group does not result in much 
stabilization. 

The ultraviolet absorption spectrum of pulegone 124 and of isopule- 
gone 126 are in accord 124 with these formulations. Pulegone, on re¬ 
duction, is converted into menthol. 127 Discussion of the stereochemist ry 
of the menthols so produced will be taken up subsequently. 

Pulegone has been investigated extensively, and one of the most 
unusual transformations is that to menthofnran , 12S a constituent of 
American peppermint oil. Treatment of pulegone with sulfuric acid 
in acetic anhydride yields cyclopulegenol sulfonic ester , which on distil¬ 
lation from zinc oxide loses sulfur dioxide and is converted into mentho- 
furan.* 2 * 




sulfonic ester 


Menthofuran is the only naturally occurring terpene containing the 
furan nucleus and is characterized by its ready autoxidation, which is 
accompanied by the appearance of a deep-blue coloration. The fol¬ 
lowing scheme for the autoxidation has been proposed. 120 



Piperitone occurs naturally in the oil from the leaves of Eucalyptus 
dives and E. piperita and shows the characteristic reactions of an 

m Naves and Papaaian, Helv. Chim. Acta, 25, 1023. 1046 (1942). 
m Savard, Comp*, rend., 186, 1738 (1928). 

1,4 Woodward. J. Am. Chem. See., 63, 1123 (1941); 64, 76 (1942); Evans and Gillam, 
J. Chem. Soc., 432 (1945). 
u; Beckmann and Plcissner, Ann., 262, 30 (1891). 

P ' Wi ' nhBUS ' C*”" «. 415 (1934). 

m Woodward and Eastman. J. Am. Chem. Soc., 72, 399 (1950). 

1,1 Smith. J. Proc. Roy. Soc. N . 5. Wale*. 34. 136 (1900). ' 
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<*,•3-11 nsatu rated ketone. Reduction yields a menthone, and oxidation 
with ierric chloride produces thymol. 1 ** The structure follows from 
these observations and the products of oxidative degradation. 1 ” 



Menthone 


The racemic modification of piperitone has been synthesized . 134 Pi- 
peritone is racemized readily by acids and alkalies as a consequence of 
enolization involving loss of asymmetry at CM . 135 

Menthone, which is present to the extent of about 35% in peppermint 
oil , 136 has two asymmetric centers and exists in four optically active 
forms and two racemic mixtures. These isomers have been designated 
as </-, 1-, and dl-menthone, and </-, /-, and dl-isomcnthone. The most 
commonly occurring form is /-menthone, which has 1<*]d —28°. This 
stereoisomer is produced by oxidation of /-menthol , 137 and the structure 
of menthone is thus simply related to that of its parent alcohol. 

Treatment of /-menthone with acid or alkali yields an isomer of 
[«)d +28° which is not, however, the enantiomorph of /-menthone but 
is designated as inverted menthone or, more correctly, as d-isomcnthone. m 
The chemical change responsible for the change in rotation involves 
inversion of configuration about the asymmetric carbon atom at C-4 in 
the skeleton and attends enolization followed by ketonization. 

in Smith and Tenfold, ibid., 64. 40 (1920); Read ond Smith. J. Chem. Soe.. 119. 779 
(1921); 121.574 (1922). 

,u SchimmtCt Report. 1910. October, p. 102. 

>»• Walker. J. them. Soe.. 1585 (1935). 

Read and Smith. ibid.. 121. 1SG3 (1922). 

«»• Andres and And reef. Her.. 25, C17 (1892). 

,,T Moriyo. J. Chem. Soe., 39, 77 (1881). 

•” Beckmann. .Inn.. 260, 325 (1889). 
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l -Mcnthone 
d» 0.8960 
n*D 1.44952 
[«]"» -29.6 # 



OH 



d» 0.89S8 
n*°» 1.45302 
+28* 


The relative configurations of the methyl and isopropyl groups, cis 
with respect to the ring in d-isomenthone and Irons in f-menthone, have 
been assigned on the basis of von Auwers’ rule, 1 ” which states that the 
refractive index and density of the cis isomer are greater than those for 
the Irans isomer. 

Reduction of Z-menthonc gives, as a consequence of the introduction 
of the new asymmetric center at 03, a mixture of two stereoisomeric 
menthols, designated J-menthol and d-neomenthol. 140 The similar trans¬ 
formation of d-isomenthone yields d-isomenthol and d-neoisomenthol. 
The most probable relative configurations of the groups responsible for 
the stereoisomerism are as shown. 



Reduction 


1 


1 



Reduction 


f 


1 



Although the relative configurations assigned to the methyl and iso¬ 
propyl groups rest largely upon von Auwers’ rule as described above, 
parachor measurements also indicate that f-menthone has the Irons 
CH 3 /CH(CH 3 ) 2 configuration. 141 Further evidence has been provided 
in that two different p-menthanes are obtained from i-menthone and 
d-isomenthone, of which that from d-isomenthone has the higher refrac- 

m von Auwers, Ann., 410, 287 (1915); 420. 91 (1920). 

vI?™:-e, Th ' TCrPOTM '" C “ rabndS0 U “ y Lo " d °" 0947,. 2nd „d. 
,M Carter. /. Chan. Soe., 1278 (1927). 
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live index and density and hence has the required cis CH 3 /CH(CH 3 ) 2 
relationship by von Auwers* rule. 142 

The relative configurations assigne<i to the hydroxyl and isopropyl 
groups in the various menthols rest upon firm chemical evidence obtained 
from a study of the competitive rates of esterification of the stereo- 
isomers. 143 The relative rates of esterification using dinitrobenzoyl 
chloride are /-menthol, 16.5; d-isomenthol, 12.3; d-neomenthol, 1.0; 
d-neoisomenthol, 3.1. On the assumption that steric hindrance will 
impede the esterification when the hydroxyl group and the isopropyl 
group are in the cis configuration, the configurations should he /-menthol 
trans, d-neomenthol cis, d-isomenthol trans, and d-neoisomenthol cis. 
These configurations are supported by additional evidence, only some of 
which can be discussed here. One line of evidence has its basis in the 
accepted theory of hydrogenation by platinum catalysts at ordinary 
temperature, for which the following scheme that requires cis addition 
of hydrogen has been proposed. 144 


Catalyst 'urfacc 



{•Mrtilhooe ii-Nconn-litliol 


If it is assumed that the bulk of the isopropyl group would tend to 
prevent approach of the /-menthonc molecule to the catalyst surface 
in the sense opposite to that shown, then the principal reduction product 
of /-menthone under the conditions cited would be d-neomenthol. Actu¬ 
ally, d-neomenthol does predominate in the mixture obtained. 146 

The same argument applies to the hydrogenation of /-piperitone, 
which yields mainly d-isomenthone. 146 This result provides chemical 
evidence for the cis CH 3 /CH(CH 3 ) 2 configuration in d-isoment hone. 



Catalyst surface *Msomonthone 


•« Heals. Mil.. 2003 (1937). 

hi Vavon and Couderc. Compt. rend.. 179, 405 (1924): Read and Grubb, J. Chem. Soe., 
1779 (1934). 

Linstead. Doering. Davis. Levine, and Whetstone../. Am. Chrm. Soe., 64. 1985 (1942). 
1,1 Vavon. Cornjft. rend.. 165, 2S7 (1912); Vavon and Couderc. ibid., 179. 405 (1924); 
Hull. soe. chim. France. (4) 39, G72 (1926). 
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The relative configurations assigned to the hydroxyl and isopropyl 
groups in the menthols are supported also by work on the reaction of the 
hydroxyl group with such reagents as phosphorus pentachloride, thionyl 
chloride, and formic acid, although, at the time the investigations were 
carried out, an erroneous view regarding elimination reactions put the 
conclusions in opposition to those obtained by competitive esterification. 



It was thought at the time that the elimination in the case of d-neo- 
menthol indicated that there was a hydrogen eU to the hydroxyl group 
in this compound. 146 The elimination reaction is now known from 
studies on simpler molecules to proceed most readily when the OH/H 
configuration is Irans . ,47 The fact that 3-p-menthene is formed in 
these eliminations rather than 2-p-menthene provides an example of 
Saytzeff’s rule, 148 which states that, in dehydrations or dehydrohalo- 
genations of systems of the type >CH—<CH—CH 2 —, where X is 

Jc 

halogen or hydroxyl, the product favored is >C=CH—CH 2 —, i.e., 
that elimination takes place toward the more heavily substituted carbon 
atom. 

144 Zcitschel and Schmidt. Ber., 69, 2298 (1926). 

141 Price and Karabinos, J. Am. Chan. Soc., 68, 1169 (1940). 

of 0rg,nic john waw * *-■ 
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'I he two menthones have been converted by reduction of their 
oximes 1,9 or by distillation with ammonium formate 150 into the corre¬ 
sponding menthylamines. 


HCOoXH, ^ 


h rom /-menthone and d-isomenthonc the corresponding pairs of 
stercoisomeric amines arc formed. The optical rotatory data suggest, 
on the basis of the similarity of the OH and NH 2 groups, the following 
classification: 

/-Mcnthyl rf-Ncomenthyl d-Isomentbyl d-Xcoisontcnthyl 
[a| D 011 -99.C +20.7 +25.9 +2.2 

Md NHj -44.5 +15.1 +29.0 +2.3 

The chemistry of the amines bears out the classification.Treatment 
of d-ncomenthylamine and d-neoisomenthylaminc with nitrous acid 
results in formation of 3-p-menthene, whereas under the same conditions 
/-mcnthylamine and d-isomenthylamine yield /-menthol and d-iso- 
menthol, respectively. Assuming Irons elimination, the configurations 
are as shown. 



/•Mcnthylaininc cf-NcvmenOiylsmine rf-IaomcntbylamiDc tf-Xcoieomcnthylaminc 


Throughout this discussion the prefixes d and / have been employed 
to signify the sign of optical rotation, not the configurational relation¬ 
ships. Further, only four of the eight optically active forms of menthol 
have been considered. The four active isomers not discussed have been 
obtained by the methods described above, starting with d-menthone 
and Z-isomcnthone, which are products of the catalytic reduction of 
/-piperitone. m The relationships may be summarized as shown. 

lo Andres and Andrccf. Her.. 25. 017 (1892). 

>*« Wxdlocli. Ann.. 276. 290 (1893). 

m Read, Cook, and Shannon. J. Chcm. Sot.. 2225 (1926): Road and Robertson, ibid.. 
2108 (1927); Read. Chcm. Hcxt.. 7, 21 (1930); Read and Storey. J. Chcm. Soc.. 2701 (1930); 
Read and Grubb, ibid.. 1779 (1934); Vavon and ChUouet. Compt. rend., 203. 1520 (1930); 
Read and Hendry. Her.. 71, 2544 (1938). 

m Simonscn. "The Tcrpenes." Cambridge University Press. London (1947), 2nd od., 
Vol. I. PP- 239 ff. 
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/-Piperitone 


Z-Isomenthone 

s 

d-Menthone 

\ 

Z-Mcnthone 

r=i d-Isomcnthonc 

i 

1 

1 

i 

Usomenthol 

d-Menthol 

/-Menthol 

d-Isomcnthol 

+ 

+ 

+ 

+ 

Z-Ncoisomcnthol 

Z-Neomenthol 

d-Neomenthol 

d-Neoisomcnthol 


Menthol constitutes 50-60% of peppermint oil (Mentha piperita), 
and the natural product is principally 2-menthol. Menthol may be 
converted into p-cymene,‘ M and this, plus the discovery that pulegone, 
of known structure at the time, was converted into menthol on re¬ 
duction, 164 established menthol as 3-hydroxy-p-menthane. 

A mixture of the stereoisoraeric df-menthols has been prepared by 
catalytic hydrogenation of thymol, lw and two of the d2-menthols have 
been separated and resolved to give total syntheses of 2-menthol, 
d-menthol, 2-neomenthol, and d-ncomenthol. ,6 ‘ The corresponding 
menthones were prepared by oxidation. In addition, an independent 
preparation of menthonc has been achieved using the acetoacetic ester 
synthesis. 167 

The caruomenthol group of oxygenated terpenes is distinguished by 
having the oxygen substitution at C-2 of the p-menthane skeleton. 



CarYone Carveol Carvcnono 


Carvotamcctone 


Carvomtntbooe 


Carvomcnthol 


“* Bockett Wright. J. Chan. Soc., 29, 1 (1876). 
w Beckmann and Pleissner, Ann., 260, 360 (1889). 

85 C<W,P< ' raid " 1S7 * 1268 <1903>: 140 ' 252 (1905): HaSS> Ind ' 36. 

Pickard and LitUebury. /. Chan. Soc., 101, 109 (1912). 

Ernhorn and Klages, Da.. 34, 3793 (1901). For other syntheses, see Kot* and 
Ann., 342, 306 (1905); Haller, Compt. raid., 138, 1139 (1904); 140, 130 (1905). 
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The structural investigation of carvone was closely associated with 
that of limonene, since it was discovered rather early that carvone 
oxime resulted from treatment of limonene nitrosochloride with alkali. 158 
Although the very easy isomerization of carvone to carcacrol 159 caused 
early investigators to assume that the two olefinic linkages were in the 
ring, careful oxidation studies of carvone and, particularly, of dihydro- 
carveol 160 showed conclusively that an isopropen}'! group was present. 



The formation of the keto alcohol XXIV and its conversion to 3-hy- 
droxy-4-mcthylbenzoic acid could be interpreted only on the basis that 
one of the double bonds in carvone is neither united to nor in the ring, 
and hence must be in the isopropenyl group. The correct structure for 
carvone was proposed by Wagner. 161 

Carvone occurs widely distributed as both the racemic and active 
forms in many natural oils, those of dill and caraway being particularly 
rich in the substance. Carvone is the most highly unsaturated of the 
carvomenthol group, and the study of its reduction has led to dihydro- 

Goldschmidt and Zurrer. Ber.. 18. 1729 (1885). 

Schweizer. J. prakt. Chem.. 24, 257 (1841). 

Tiomann and Scmmlcr. Btr.. 28, 2147 (1895). 

Wagner. Ber.. 27, 2270 (1894). 
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carvonc, carvotanacetone, carvomenthone, and the corresponding al¬ 
cohols. Carvotanacetone has also been prepared from nitro-a-phel- 
landrcne. 85 

Carvomenthone and carvomenthol form a pair strictly analogous to 
menthone and menthol, and the stereochemical interrelationships in 
the carvomenthol series have been arrived at by essentially the same 
methods and arguments used in the case of the menthols. 1 * 2 The results 
may be summarized as shown. 



d*Carvomenthol 1-Neocarvomeothol Maocarvomentbol {•Neoiaocarvomcnthol 


Miscellaneous Oxygenated Monocyclic Terpenes. Diosphenol is ob¬ 
tained as a beautifully crystalline solid from the oil of buchu leaves. 1 * 3 
It melts at 83° and is known also as buchu camphor. Its structure 
follows from the reactions: IM 



Diosphenol 



'' Th ° Cambridge University Press, London 

Vol. I, pp. 262 ft. 

FlQckiger. Pkarm. J., 11, 174. 219 (1880). 
lM Semmlcr and McKcnaie, Ber., 39, 1160 (1906). 
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Although the diosphenol molecule contains an asymmetric carbon 
atom, the natural product is not obtained optically active because of 
the following tautomeric equilibrium: 



The racemization of optically active diosphenol would proceed in the 
same way as the /-menthone —* (/-isomen t hone conversion. In accord 
with its enolic nature, diosphenol gives a ferric chloride enol test, and 
readily dissolves in aqueous sodium hydroxide. Alkaline permanganate 
oxidation of piperitone yields diosphenol directly,whereas under the 
same conditions carvenone gives an oil that is converted to diosphenol 
on steam distillation or treatment with alkali followed by acidification. 
These observations support the structure given above. However, 
evidence for the existence of the other tautomeric form hus been ob¬ 
tained from hydrogenation studies. 

Diosphenol is of interest in the biogenetic schemes for the production 
of the oxygenated monocyclic tcrpencs. Cyclization of citroncllal and 
similar reactions can lead to oxygenated monocyclic terpencs of the 
menthol group but not to those of the carvomenthol group. However, 
menthonc is smoothly converted to diosphenol by exposure to oxygen 
in the presence of ferric ion. ,C7 Further, reduction of diosphenol with 
sodium and alcohol has been shown to produce (//-menthol and a mixture 
of cis- and /rans-2,3-dihydroxy-p-menthanes. IM 



Several ethers arc known in the monocyclic tcrpcnc series. 1 ** The 

,tt Wollach. Ann., 437, 14S (1924). 

'** Cusmano. Gazz. (him. ital.. 63. 049 (1923). 

Asahina and Mituhori. J. Pharm. Soc. Japan. 482, 255 (1922) [C. A.. 16, 2502 (1922)). 
'** Kondakov and Batachiev. J. prakl. CKem., 63. G1 (1901). 

Simonson. "The Terpencs.” Cambridge University Pre.v». London (1947), 2nd od., 
Vol. I. pp. 423 rr. 
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most important and most widely distributed in nature is 1,8 -cineole or 
ordinary cineole. Pinol and m-cineole do not occur naturally. 



l.ft-Cineole 1,4-Cincote w-Cincolo 


1,8-Cineole is a major constituent of eucalyptus oil and was the 
starting material for some of the most important investigations in the 
terpenes. On treatment with hydrogen chloride, cineole yields dipentcno 



Zn. alcohol 


XXVI 
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dihydrochloride, 1 a0 and the action of dehydrating acids on cineole yields 
dipentene, terpinene, and terpinolene. 171 a-Terpineol forms a nitroso- 
chloride '*• which on treatment with alkali undergoes conversion to the 
oxime of ketocineole XXV. The latter, after hydrolysis to ketocineole, 
may be converted by nitrosation followed by hydrolysis to a yellow 
substance, diketocineole. Diketocineole is related to diosphenol, into 
which it is converted by hydrogen bromide cleavage of the ether linkage 
followed by reductive removal of the bromine atoms with zinc. 171 Oxi¬ 
dation of diketocineole yields cineolic acid, which may also be obtained 
from cineole by direct oxidation with permanganate. Heating cineolic 
acid decomposes it into carbon monoxide, carbon dioxide, and 6-methyI- 
5-hepten-2-one (XXVI). 1 " 

Cineole is of particular theoretical interest as an ether which possesses 
markedly strong basic properties. Thus, the first product of the action 
of hydrogen chloride on cineole is an oxonium salt of the type XXVII, 
from which cineole may be regenerated. On being heated, the salt 
decomposes with cleavage of the ether linkage and partial conversion to 
dipentene dihydrochloride. 17 * Cineole forms crystalline addition com¬ 
pounds with bromine and iodine, of which XXVIII is representative. 176 




The unusually basic nature of the oxygen atom in the highly substi¬ 
tuted ether linkage is responsible for the formation of crystalline addition 
compounds of cineole with resorcinol, o-cresol, 0-naphthol, and enols of 
the aromatic series in general. 177 These addition compounds are of 
sufficient stability to serve for the analysis and identificat ion of cineole. 178 
Thus, extraction of a terpene fraction containing cineole with a strong 
aqueous resorcinol solution results in passage of the cineole into the 
aqueous layer as the complex with resorcinol, (OkjHisO^-CgHoCV 

,:o Schmidt. J. prakt. Chtm.. 82. 189 (1861). 

• J ' Wallnch. Ann., 230. 268 (1885); 239. 23 (1887). 

•» Wnllach, Ann.. 277, 120 (1893). 

Cusmano. Gaxz. chxm. ilat.. 49. I. 20 (1919); 63. I. 195 (1923); 66, 140 (1926); 72, 
68 (1942). 

1,4 Wallach, Ann.. 258. 319 (1890); Wallach and Klkeles. Ann.. 271. 20 (1892). 

•» Hell and Ritter. Ber.. 17. 1975 (1884). 

» 7 « Wallach and Brass. Ann.. 225. 291 (1884). 

Baeyer and VUliger. Brr.. 34. 2689 (1901). 

Pickard and Kenyon. J. Ch<m. Soc.. 91, 900 (1907). 



THE TERPENES 


629 

For the complex with o-cresol the following proton-bonded formula is 
most reasonable. 


The importance of constitutive factors in determining the properties 
of functional groups is emphasized by the fact that the ether function 
of cineole is cleaved by Grignard reagents at moderate temperatures 
with the formation of a mixture of Ci 0 hydrocarbons. 179 

Ascaridole is unique as a naturally occurring terpene peroxide. The 
compound is the active principle of chenopodium oil, 180 which has been 
used in the treatment of hookworm. 

Ascaridole explodes on being heated to 130°, reacts explosively with 
mineral acids, and forms no crystalline derivatives. 181 Catalytic hy¬ 
drogenation yields 1,4-terpin, which on dehydration with oxalic acid is 
converted into 1,4-cineole. From these data, Wallach proposed the 
structure for ascaridole. 185 

$ 

Ascaridole 1,4-Cmeole 

Ascaridole has been synthesized by the photochemically sensitized 
addition of oxygen across the ends of the conjugated system in a-ter- 
pinene. 183 The formation of the substance in the plant has been assumed 
to proceed in a similar manner. 


_ 2 »_ 

Chlorophyll 


m Grignard, Bull. toe. chim. Prance. (3) 29, 944 (1903); van Duin, Proc. Koninkl 
Nederland. Akad. Welemchap., 26, 1366 (1917). 

,M Huthig, Schimmel'a Report, 1908, April, p. 108. 

1,1 Nelson, J. Am. Chem. Soc.. 33, 1404 (1911). 
m Wallach, Ann., 392, 69 (1912). 

lu Schenck and Ziegler, Nalurwiaaemchajlcn, 32, 157 (1945). 
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Bicyclic Terpenes 

The molecular formula for the monoterpenes, Ci 0 H 16 , is satisfied by 
a bicyclic compound of ten carbon atoms containing one double bond. 
'1 he most important bicyclic monoterpenes are the singly unsaturated 
derivatives of the following bicyclic systems: 



ThujftlM Caranc Pinane 


at 4 

Campliane Iaucamphanc Fenrhane 

Since the oxygenated derivatives in this series are of great interest, 
it will be advantageous to discuss the hydrocarbons and the oxygenated 
derivatives together. 

The chemistry of the bicyclic terpenes is replete with molecular rear¬ 
rangements, and where molecules containing small rings are involved, 
cleavage reactions characteristic of such structures take place. Indeed, 
the studies of the chemistry of the bicyclic terpenes have made most 
significant contributions to the theory and understanding of molecular 
rearrangements and the chemistry of small-ring compounds. 

Thujane Group. The important compounds in the thujane group arc: 



Thujonc Thujyl alcohol Sabinol Umbcllulone 
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The chemical investigation of thujone was complicated by a stereo¬ 
isomerism of the i-menthone ^ d-isomenthone type involving the 
asymmetric center at C-l. The dextrorotatory ketone from tansy oil 
is designated tanacetone or 0-thujone, and the levorotatory isomer from 
thuja oil is a-thujone. ,M Gentle oxidation of either a- or 0-thujone with 
permanganate yields a-thujaketonic acid. ,8S Hypobromite oxidation 
of a-thujaketonic acid gives a-tanacetonedicarboxylic acid, 184 and 
heating of a-thujaketonic acid with water forms 0 -thujaketonic acid, 
a transformation in which the three-membered ring is isomcrizcd to a 
double bond. 188 




xxxi 

,M Semmler, Ber., 16 . 3343 (1892). 
m Wallach, Ann., 272, 99 (1893). 
m Tiemann and Semmlar, Btr^ 30. 431 (1897). 
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Tanacetophorone, as indicated above, results from three different 
series of reactions involving the proximate oxidation products of thujone. 
The most straightforward course to tanacetophorone is by way of the 
permanganate oxidation product of d-thujaketonic acid. 187 The dike¬ 
tone XXIX is identical with that obtained from o-terpinene on ozo- 
nolysis and readily undergoes internal aldol condensation to tanace- 
tophorone. 158 Treatment of the diketone with ammonia gives the 
expected 2-methyl-5-isopropylpyrrole. Tanacetophorone yields w-di- 
methyllevulinic acid (XXXI) on oxidation. 159 

The formation of tanacetophorone from a-tanacetonedicarboxylic 
ester 190 involves a Dieckmann cyclization, followed by an inverse 
Michael condensation in which the three-membered ring is isomerized 
to a double bond, and, finally, hydrolysis and decarboxylation of the 
d-keto ester so produced.' 91 




Treatment of the methyl ester hydrochloride XXX with sodium 
hydroxide may possibly lead to tanacetophorone through dehydro- 
halogenation and a Michael addition followed by Michael elimination 
of methyl acetate. 191 - 192 Alternatively, the reaction may involve a 

1,7 Tioinann and Scmmler, Ber., 30, 440 (1897). 

«»• Henry and Paget. /. Chcm. Soc.. 123, 1883 (1923). 

«•» Semmler. Bcr., 25, 3350 (1892); 30. 439 (1897); Wallach, Ann.. 381. 85 (1911). 

m Wallach, Ann.. 388, 56 (1912); Thompson. J. Chem. Soc., 97. 1515 (1910). 

1,1 Suggested by R. B. Woodward. Harvard University. 

Wallach. Ann.. 414. 221 (1918). 
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Dieckraann condensation followed by hydrolysis with loss of acetic 


acid. 



The production of isothujone in from thujone by concentrated sulfuric 
acid involves cleavage of the three-membered ring and rearrangement of 
the equivalent double bond. 




,M Baoyer, Ber., 27, 1922 (1894); Haller. ComjA. rend.. 140, 1630 (1905). 
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Isothujonc lias been degraded as follows. 1 ” 



Of the three possibilities for the position of the double bond, that in 
isothujone represents the most stable configuration since under such 
circumstances the double bond is most highly substituted and is con¬ 
jugated with the carbonyl group. It has been demonstrated by meas¬ 
urement. of heats of hydrogenation of substituted ethylenes that the 
stability of an ethylenic linkage increases with the degree of substi¬ 
tution. 1,4 

The partial synthesis of thujone from a-thujaketonic acid employing 
the Darzens reaction has been achieved. 196 



a*Thujftkc(unic 

enter 


CICIIjCOnC.il} 

NaOCjll} 



Hydrolysis 

Decarboxylation 
Id quinoline 



Oxidation 

B'l'nliculiun 



COOCjHs 

COOCjHj 


Dirckiunnn 


J Hydrolysis j 
Decarboxylation 


Carane Group. Optically active d-3-carene, f-3-carene, and d-4-carenc 
have been isolated from various pine-needle oils. 197 Oxidation of the 

W attach. Bcr.. 30. 42G (1S97); Ann.. 323. 335 (1902); Scmmlcr. Bet., 33. 276 (1900). 
>» Kistiakowbky. Ruhoff. Smith, and Vaughan. J. Am. Chtm. Soc., 68, 14G (1930). 

Ruzicka and Koolhaas. Heir. Chim. Ada. 15. 944 (1932). 

1,7 Simonson. J. Chem. Soc.. 117, 570 (1920); 123. 549 (1923); 359 (1928); 305 (1929). 
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carenes with permanganate leads eventually to as- and frans-caronic 
acids , 188 which have been prepared by treatment of ethyl a-bromo- 
0 , 0 -dimethylglutarate with alcoholic potash . 189 


COOC*H* 

d^HBr 

C(CHj)j 

CH, 

COOC,H k 



Treatment of 3-carene with hydrogen chloride gives dipentene di- 
hydrochloride and sylvestrene dihydrochloride, the product depending 
upon the sense in which the cyclopropane ring is cleaved . 197 



Dipcoteoe dihydrochloride Sylveelrcne dihydrochloride 


A ketone of this series, carone, has been synthesized from dihydro- 
carvone .* 00 Carone has not been found in nature. 


"* Gibeon and Simonson, ibid., 909 (1929). 
m p «kin and Thorpe, ibid., 76. 48 (1899). 

* co Baeyer, Ber., 27. 1919 (1894); Wagner. Ber. 
Ipatiov, Ber.. 29 . 2797 (1896). 


* 7 » 1652. 2270 (1894); Baoyer and 
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Dihydrocarvoae Carone 

lhc ultraviolet absorption spectrum of carone shows similarities to 
that of an a,0-unsaturated ketone. 50 ' This observation provides physical 
evidence for the similarity in chemical reactivity shown by cyclopropane 
derivatives and olefins to double-bond reagents such as halogens and 
hydrogen halides. 

Of interest in emphasizing the importance of constitutive effects on 
the course of reactions is the conversion by alkali of carvone hydro¬ 
bromide to eucarrone instead of the expected carone derivative as 
above. 505 



Carvone bydrobromide Kuearvone 

Pinane Group. The terpenes corresponding to the pinane system 
are a-, 0-, and 6-pinenc. a- and /9-Pinene occur in many natural oils, 
particularly in turpentine, and o-pinene is the most important terpenc. 
6-Pinene is a synthetic product. 



o-l'mene d-Pinene 4-l’incoe 


a-Pinene is an oil boiling at 156°. The d-, and d/-forms are known; 
for the active forms, [a]o = ±51.4°, when obtained by the decompo¬ 
sition of the corresponding nitrosochloridcs with aniline. 501 o-Pinene is 

,#l Klotz. J. Am. Chcm. Soc.. 66. 90 (1944). 

291 Bacycr. Ber.. 27. 810 (1894); Wallmch, Ann.. 305. 242. 274 (1899); 339. 94 (1905); 
Bcr., 29. 1000 (1890). 

*•» Lynn. J. Am. Chcm. Soc.. 41. 301 (1919): Thurber and Thielkc. ibid., 53. 1030 (1031); 
YVallach, Ann.. 268. 344 (1890). 
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the principal constituent of oil of turpentine, from which it may be 
separated by fractional distillation. 

Although the structure for a-pinene contains two asymmetric carbon 
atoms and would apparently permit the existence of four optically 
active forms and two racemates, only the above-mentioned d-, U, and 
dZ-a-pinenes are known. 

Since a similar situation arises in regard to camphor, it will be advan¬ 
tageous to discuss this anomaly briefly. The two active forms of 
a-pinene are the following. 


The other two stereoisomers would be derived from a molecule in which 
the fusion of the cyclobutane ring to the cyclohexane ring is Irons rather 
than cis as above. Trans ring fusion is geometrically impossible, and 
the dr and Z-forms derived from the trans structure do not exist. 

The structure of a-pinene was established by a painstaking and bril¬ 
liantly interpreted series of oxidations by numerous investigators over 
many years. Only the briefest survey of this work will be given here. 104 

Oxidation of a-pincue with permanganate yields a kcto acid, pinonic 
acid, 201 in which the cyclobutane ring is still intact as evidenced by the 
production of cis- and Irans-norpinic acids from it on further oxidation. 206 




Pinie acid 





Norpinic acid 


VoTn™^' Terp *““" C^bridg. University Pro*. London (1947), 2nd od„ 

“ Borbior end Grigoord. Bull. wc. Mm. Prance. (4) 7. 548 (1910). 

Boeyer. Ber., 19, 1910 (1896). 
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The alkaline oxidative attack, since it did not cleave the four-mem- 
bered ring, was much more fruitful than degradation with acids, which 
destroyed the bicyclic structure and gave little information of stnictural 
value. Norpinic acid was not synthesized until 1929. 207 


CH« 


ch 3 


\ 

( 

/ 


CN 

I 

CH 2 COOC 2 H 5 


CO + 


+ NH 3 


CN 

I 

CH, CH—CO 

\ / \ 


c NHi!^ 


CHjCOOCjHt 

I 

CN 


/ \ / 

CH 3 CH—CO 

I 

CN 


CHjIs 


CN COOH 

I I 

CH, C-CO CHj CH 

\ \ Hydrolyaia \ / \ 

C CH, NH —--► C CH, 

/ \ / / He4t / \ / 

CH 3 C-CO CH 3 CH 


CN 


I 

COOH 

trana-Norpinio acid 


Somewhat more than a decade after the synthesis of norpinic acid 
was achieved, a total synthesis of a-pinene was provided by the efforts 
of a number of investigators. 50 * 



franj-Norpinie ei*. Norpinic Pinononic 

acid anhydride acid 



OH 

H 2 COOC 2 H* 

OOC 2 H 6 




H,COOC,H 6 

ooc,h 6 



” T Kerr. J. Am. CAcm. Soc.. 61. 614 (1929). 

Rao, J. Indian CKcm. Soc.. 20. 97 (1943) [C. A.. 37. 6659 (1943)); Komppa. Klami. 
and Kuraja. Ann.. 647, 185 (1941); Komppa and Klami. Bcr.. 70. 788 (1937); Kuncko 
and Trebler. Hclv. Chim. Acta. 3. 756 (1920); 4. 660 (1921); 7. 489 (1924). 
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a-Pincne 


The synthesis provides several interesting features. The two inter¬ 
mediate substances, verbanone and pinocamphone, were known from 
other sources. Verbanone results from hydrogenation of verbenone, a 
naturally occurring a,0-unsaturated ketone of the pinene series. 209 
Pinocamphone is a component of oil of hyssop and had been synthesized 
earlier from nitrosopinene. 210 It may also be prepared from 0-pinene 
by selenium dioxide oxidation followed by hydrogenation. 210- 



Nitrosopinene Pinocamphone 


The product of the Hofmann degradation was not pure a-pinene but 
a mixture of a- and 3-pinenes. The a-isomer was separated as the 

Wienhaus and Schumm. jinn., 439, 20 (1924). 
n# Wallach. Ann., 300, 287 (1900). 

Stall cup and Hawlrina, J. Am. Chem. Soc., 64, 1807 (1942). 
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nitrosochloride, and the presence of the 6-isomer was established by 
oxidation of the mixture, which gave, in addition to pinonic acid, pino- 
camphoric acid derived from the 6-isomer. 



£-Pinen* 



lhe formation of a-pinene from pinocamphyltrimcthylummonium 
iodide on treatment with base represents one of the few violations of 
the Hoffmann rule, which states that in the decomposition of quaternary 
ammonium hydroxides the double bond is attached to the carbon atom 
bearing the larger number of hydrogen atoms. 511 


\ / 

CII—CH—CH*—C— 

/ I \ 

C + N(CH a )j 
OH- 


\ / 

CH—CH=CH—C— + (CH,) 3 N + HjO 

/ \ 


The cyclobutane ring may be assumed to influence the nature of elimi¬ 
nation. It should be pointed out in this regard that the methyl xanthate 
of dl-pinocampheol also gives, on decomposition by heating, a mixture 
of a- and 6-pinenes, 515 whereas /-menthyl methyl xanthate gives particu¬ 
larly pure 3-p-menthene. 3u 




111 For a discussion see Rcmick. "Electronic Interpretations of Organic Chemistry.” 
John Wiley & Sons. New York (1949), 2nd ed.. p. 430. 

Tschugaev. J. Rut*. Ph V t. Chem. Soc.. 39. 1330 (1907) ( Chcm . Zenlr., 79. I. 11 <9 
(1908)]. 

*»» Tschugaev, Her., 32. 3332 (1S99). For mechanism sc© HQekel. Tappe. and Legutka. 
Ann.. 543, 191 (1940); Alexander and Mudrok. J. Am. Chem. Soc., 72, 1811 (1950). 
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The molecular rearrangements associated with a-pinene are of the 
greatest theoretical and practical interest. They also greatly compli¬ 
cated the determination of its structure. Treatment of a-pinene with 
acids leads to products having three different carbon skeletons. a-Ter- 
pineol, limonene, terpinolene, and the terpinenes result from treatment 
of pinene with sulfuric acid in alcoholic or glacial acetic acid solution, 214 
whereas treatment with concentrated sulfuric acid followed by digestion 
of the crude product with alcoholic alkali yields appreciable amounts of 
borneol and fenchyl alcohol.™ 



o-Terpineol Borneol Fenchyl alcohol 


Bornyl esters as well as monocyclic terpenes and esters of a-terpincol 
result from treatment of a-pinene with organic acids. 21 * The formation 
of a-terpincol and its congeners results from cleavage of the cyclobutane 
ring with production of the carbon skeleton of p-menthane. The 
double bond appears to facilitate the ring scission since pinane, prepared 
from a-pinene by catalytic hydrogenation, is largely unaffected by 
treatment with mineral acids. 217 

The formation of borneol and fenchyl alcohol must proceed with 
molecular rearrangement. The type of rearrangement involved is known 
as the Wagner-Meerwein 2,1 rearrangement, and a clear understanding 
of its mechanism has resulted mainly from work with pinene and cam- 
phene hydrochlorides and from work with simpler molecules. Treat- 


w * Flavitaky, Ber., 13. 1406. 2354 (1879); 20. 1957 (1887); Godlewaki. J. Ruse. Phus. 
69*2139 (1947)* ^ Treib8 ' 7 °' ^ (lg37): Mosher - Chem. Soc., 

L ‘ tont ' C "“' 

'• ** <w - •' 148 (,M4,: **"“■ *““■ ~ **-• 

” T Sabatier and Senderons. Compt. rend.. 132, 1256 (1901). 

„ >‘ 1 Wagner, J. Kun. PKy,. Chem. Soc.. SI. 690 (1899). For summary see Whcland 

, 2 “ C ? ^ New York 2 “ d Chapter 

12. See also Chapter 1. Vol. Ill, of thu Treatise. 
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ment of a-pinene with hydrogen chloride at -78° produces a very 
unstable pinene hydrochloride which readily undergoes rearrangement 
to bornyl chloride. 519 Treatment of a-pinene with hydrogen chloride 
at ordinary temperatures yields a mixture which contains fenchyl 
chloride. 2,,a 



Fenchyl chloride 


The production of the two halides is explained on the basis that in 
such rearrangements two Walden inversions accompany the change ”° 
Since the inversion requires that the entering group in each case ap¬ 
proach the rear of the carbon atom relative to the departing group, only 
groups Irons to the six-membered ring can undergo rearrangement. 
The formation of borneol and fenchyl alcohol described above proceeds 
by a similar rearrangement. 

The bromination of a-pinene follows a similar course with the pro¬ 
duction of 2,6-dibromocamphane, a dibromide of unproved constitution, 



«• Mecrwoin and Emster, Bcr.. 65. 2521 (1922); Meerwcin and Vorster. J. prakt. Chem., 
147. S3 (1930). 

*>*» Aachan. Ber.. 40. 2750 (1907); Ann.. 387. I (1912). , 

Bartlett and Brown. J. Am. Chem. So*.. 62. 2927 (1940); Bartlett and Pdckcl. xbxd.. 
59. 820 (1937); Cram. ibid.. 71. 3SG3 (1949). See also Chapter 1. Vol. III. of this Treatise. 
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presumably 2,6-dibromofenchane, and bornyl bromide” 1 Bornyl 
bromide is a secondary product resulting from the action of hydrogen 
bromide produced by side reactions. 

In the degradation of pinene by oxidation, oxidation of pinonic acid 
with acid dichromate yielded ketoisocamphoric acid.*” 



Pinonic acid Ketoisocamphorio acid 


In the acidic oxidation medium the following rearrangement, a reversal 
of the pinacol —► pinacolone transformation, may be assumed to take 
place before the oxidation. 



Important practical application is made of the rearrangements of 
a-pinene. a-Terpincol and its esters which are used in the compounding 
of scents and perfumes are produced on a commercial scale by this 
means, and the most important industrial method for the production 
of camphor takes advantage of the rearrangement of the pinanc system 
to the camphane and isocamphane systems. 

The autoxidation of a-pinene has been extensively studied; The 
formation of verbenone, verbenol, and sobrerol is representative of the 



01 Semmler, Ber., 33, 3423 (1900). 

“ Tiemann and Semmler. Ber., 28. 1344 (1895); 29, 128. 529 (1890). 
Bluman and Zeitschd, Ber., 46 , 1178 (1913). 
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changes that occur on exposure of the terpene to oxygen in the presence 
of moisture. Yerbenone may be obtained in good yield, although con¬ 
taminated with myrtenal, by air oxidation of a-pinene in the presence 
of an osmium catalyst.** 4 

Thermal isomerization of a-pinene produces dipentene, ocimene, 
alloocimene, and a- and d-pyronene.‘ a ~ 4a 



Ocnnene Allwximene «Pymn*ne /»I'yronen# 


0-Pinene usually is found with a-pinene in natural oils, although to 
a much smaller extent. The structure of 0-pinene was determined by 
oxidation. 754 



Homolrrpenylie Mid 


m WienliHu.' and Schumm. Ann., 439. 31 (1924). , H 

n.o Kuguitt and Hawkin. (into- cl.). J. Am. Chrm. &*■.. 67, 245 (1945): Hunt and H.»- 

kins, iljid.. 72, 5G18 (1950). vi ?nS2 

“Baeycr and Villiger. Bn.. 29, 1923 (1S96); Wagner and Slaw.nski. Bn., 32. 

(1899). 
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Although the degradation by oxidation provides no proof for the 
presence of a cyclobutane ring in /3-pinene, 226 the structure is assumed 
to be correct in view of the ready conversion by platinum black of 0- into 
a-pinene, and of a-pinene and /3-pinene to the same hydrocarbon, 
pinane, 227 on hydrogenation. The reactions of /3-pinene with mineral 
and organic acids follow the same general course as those of a-pinene, 
but thermal isomerization yields limonene and myrcene instead of 
dipentene and ocimene. 60 - 2240 

Reaction of nopinone with methylmagnesium bromide yields f-methyl- 
nopinol, but dehydration to /3-pinene has not been attained. 228 

CH,M«r 
H* 

A partial synthesis of 0-pincne by decarboxylation and dehydration 
of nopinolacetic acid, product of the condensation of ethyl bromoacetate 
and nopinone, has been effected. 22 * 





Camphane and Isocamphane Groups. The saturated bicyclic hydro¬ 
carbon camphane does not occur in nature and is of purely systematic 
interest as the basic hydrocarbon from which the very important oxy¬ 
genated bicyclic terpenes, camphor and bomeol, are derived. Camphenc, 
the only bicyclic terpenc hydrocarbon of natural occurrence which is 
solid at ordinary temperatures (m.p. 52°), has the isocamphane skeleton. 



Camphane Camphor 



Borneol 


(K 

Camphenc 


More effort was expended in the proof of structure of camphor than 
of any other terpene. The establishment of the structure of camphor 
represented the first proof of the existence of bicyclic systems and greatly 
simplified the subsequent chemical investigations of the bicyclic terpenes. 

m Richter and Wolff. Ber., 69, 1733 (1926). 

« wT^ 18 °* U27< 1428 O9l0): 2098 (1923). 

Wallach. inn.. 366, 234 (1907); 360, 88 (1908). ' 

m Wallach. Ann., 367, 49 (1907); 363, 9 (1908). 
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The magnitude of the structural problem can be assessed on the basis 
that more than a dozen structural formulations for camphor received 
consideration in the period 1870-1895. 230 

Out of the tremendous volume of degradative and synthetic work 
evolved the following requirements for the structural formulation of 
the camphor molecule: 

1. Camphor is a ketone, CioHigO, as evidenced by formation of an 
oxime, semicarbazone, etc.** 1 Reduction gives an alcohol, borneol, 
which is oxidizable to camphor. 2 * 2 The carbonyl group is ketonic, not 
aldehydic, since oxidation of camphor does not produce a monobasic 
acid of ten carbon atoms. 2 ** 

2. The camphor molecule contains the grouping 

\ 

0=0 

I 

CH, 

/ 

since it forms an isonitroso derivative with nitrous acid, 2 * 4 forms a 
benzylidene derivative with benzaldehyde, 2 ** 


\ 


/ 


0=0 

I 

CH, 


+ HONO 


\ 

0=0 

+ C.H*CHO 

CH, 

/ 


\ 

0=0 

+ H,0 

C=N—OH 

/ 

\ 

0=0 

I 

C=CH—C,H* 

/ 


and may be oxidized to a dibasic acid, camphoric acid , without loss of 


carbon. 2 * 6 


[— C=0 I—COOH 

C.Hh | — C.Hu 

I—CH, I—COOH 

Camphor Camphoric acid 


3. Molecular refraction studies of the structure of camphor and 
camphoric acid show that these molecules contain no carbon-carbon 
double bonds. Since the base hydrocarbon corresponding to camphor is 

m F 0r a bibliography see Simonacn. ' The Chemistry of the Tcrpones." Cambridge 
University Press. London (1947). 2nd ed.. Vol. II. p. 3*0. 

»• Nagcli. Ber.. 1$, 497 (1883): Tiemann. Ber., 28. 2191 (1895). 

“ Baubigny. ^nn. Mm.. (4) 19, 221 (1870); Compt. rend.. 63. 221 (1866). 

“ToUens and Fittig. Ann.. 129. 371 (1864); Weyl. Ber.. 1. 94 (1868). 

04 Claison and Manasse. Ann.. 274, 79 (1893). 

“* Halier and Louvrier, .Ann. cA»m., |9j 8, 117 (1917); 9, 190 (1918). 

“* Malagutl, Ann.. 22, 32 (1837). 
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CioHis (obtained by replacing the carbonyl oxygen with two hydrogen 
atoms in C 10 H 16 O), the deficiency of four hydrogen atoms relative to the 
saturated, open-chain hydrocarbon Ci 0 H 2 2 can be accounted for only 
on the assumption that camphor is bicyclic. 237 

Similar considerations establish that camphoric acid contains one ring. 

4. Bromination of camphoric anhydride gives a monobromo deriv¬ 
ative. 238 Two different series of half-acid esters of camphoric acid can 
be prepared. 239 It follows that the two carboxyl groups in camphoric 
acid are not similarly situated, and that there is hydrogen on the carbon 
atom a to one of the carboxyl groups only. 



H H H Br 


5. The nitric acid oxidation of camphor produces in addition to 
camphoric acid, Ci 0 Hi 6 O 4 , camphoronic acid, C*H| 4 O 6 - M0 Camphoronic 
acid was shown to be a,a,/3-trimethyltricarballylic acid by synthesis. 241 


CH, 



BrCHjCOOCjllj 

Zn”” 


OOC*H» 



COOC*II 4 COOC,H» 


nci 

KCN 



Hydrolysis 
-► 



The establishment of the structure of camphoronic acid was of funda¬ 
mental importance since the acid contains nine of the ten carbon atoms 
of camphor. 


Z f ftn ‘ >nnik ‘> v . {■ prakt. Chem 32, 503 (1885); BrOhl. Ber.. 24, 3701 (1891). 

” Aachan, Ber., 26. 1640 (1893). V ' 

and Braunschwei «- Ber ' 1807 (1892); Walker. J. Chem. So c 61 1088 

(1 S 2 2 : 495 (1893): Walker and Henderson, ibid., 67, 337 (1895). 

** Brodt, Ber., 26, 3047 (1893). 

*“ Perkin “ d Thorpe. J. Chem. Soc., 71,1169 (1897). 
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6 . Camphoric acid contains two asymmetric carbon atoms, as shown 
by the experimental preparation of the required four active camphoric 
acids and two racemic mixtures. 7 ** Camphor itself is optically active 
as obtained naturally and hence must contain the two asymmetric 
carbon atoms of camphoric acid. 

7. Conversion of the carbonyl group of camphor to a methylene 
group by Wolff-Kishner reduction yields camphane, which is optically 
inactive and hence symmetrical . 2 * 3 

8 . Camphoric acid, which is monocyclic, is a ring-substituted glutaric 
acid on the basis of the Blanc rule, 2 ** which states that, on heating 
with acetic anhydride, glutaric acids give anhydrides, adipic acids give 
cyelopentanones, and pimelic acids give cyclohexanones. Camphoric 
acid gives an anhydride, homocamphoric acid gives a ketone (camphor), 
on heating . 2 * 3 Further evidence that camphoric acid has two carbonyl 
groups separated by three carbon atoms was obtained by the hydrolysis 
of bromocamphoric anhydride, which yielded camphanic acid . 2 * 6 


+C 

I 

-<j/—COOH 

Camphanic acid 

Camphanic acid has the properties of a 7 -lactone , 247 hence must be 
formulated as 0 


I 

C—C—CO 



—c—o 


COOH 




Asrlian, Her.. 27. 2001 (1804); Ann.. 316, 209 (1901). . 

*•* Kishncr, J. Rum. Phyt. Chem. Soc.. 43. 582 (1911) | Chem. Zenir., 82. II, 383 (1911)); 
Wolff. Ann.. 394. 95 (1912). 

*** Blanc. Com,A. rend.. 144. 135G (1907). For exceptions, see Ficser and I loser. ^atur«u 
Products Related to Phenanthrcne." Reinhold Publishing Corp.. Now York (1949). 3r 
ed., p. 140. 

2U Haller and Blanc. Compt. rend.. 130, 376 (1900). . 

u* Wrcdcn. Ann.. 163, 330 (1872): Fittig and Woringer. Ann.. 227, 1 (1885); Kipping. 
J. Chem. Soc.. 69, G3 (1896). . , . 

J«: The open form of a 7-lactone exists only in solution, or in the form of dc 
such as salts or esters. 5-Lactones are formed with greater difficulty. 
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Of many structural formulas proposed for camphor, that of Bredt 48 
most satisfactorily accounts for the chemistry of the compound and has 
been established as correct by rational synthesis. The Bredt formulas 
for camphor and some of its more important derivatives are shown. 



Camphor 



Camphoric acid 




llomocamphoric acid 



Campholide 


Distillation of the calcium salt of horaocamphoric acid yields cam¬ 
phor. 24 * llomocamphoric acid was prepared from camphoric anhydride 
by the following scries of reactions. 260 





rt COOH 


Hence, the synthesis of camphoric acid, achieved almost simultane¬ 
ously by Perkin and Thorpe 261 and by Komppa, 262 constituted a total 
synthesis of camphor. Komppa resolved his synthetic d/-camphoric 
acid and converted the dextrorotatory form into d-camphor. IComppa’s 
synthesis is shown. 



m Bredt, Ber., 26, 3047 (1893). 

** 6 Bredt 00(1 Rosenborg. i4nn. t 289, 6 (1896). 

* # Haller. Compt. rend., 122, 293 (1896). 

« S erldn “d Thorpe, J . Chem. Soc.. 86. 146 (1904); 89. 799 (1906). 
Kom PPa. Ber., 36. 4332 (1903); Ann., 370. 225 (1909). 
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The principal source of natural camphor is the wood of a tree, Cinna- 
monum camphora, the most extensive forests of which are in Formosa. 
The material from this source is rf-camphor. /-Camphor is much less 
common but is the chief component of the oil from Artemisia Austra- 
chanicar M Camphor does not occur widely distributed in nature, 
although a number of oils have been reported to contain the substance. 
Only two active forms of camphor and one racemic mixture are known, 
although the molecule contains two asymmetric carbon atoms. The 
unknown stereoisomers would be derived from a molecule in which the 
</cw-dimethylmethylcne bridge has a trans attachment to the cyclo¬ 
hexane ring. As with pinene such an arrangement represents a very 
highly strained configuration, apparently incapable of existence. 

Camphor is a white crystalline solid of m.p. 178-179°, (ajo ±44.8° 
(c «= 20) in alcohol solution. The rotatory power in alcohol depends 
markedly upon the concentration. The molecular freezing-point de¬ 
pression constant for camphor is 40°/mole/1000 g., and advantage has 
been taken of the large magnitude of this constant by Rast ?w in the 
development of a relatively simple and reasonably accurate method 
for determination of molecular weights of organic compounds which 
are soluble in camphor. , . 

Camphor is used in some medicinal preparations and as a plasticizer 
for cellulose nitrate in the production of Celluloid and photographic 
film base. Considerable amounts of camphor are prepared synthetically 
from a-pinene. This synthesis depends upon Wagner-Meerwein rear¬ 
rangements involving the pinane, camphane, and isocamphane carbon 
skeletons, and discussion of it will be deferred until these rearrangements 
have been described. 

« Guenther. ' The E^ontial Oils." D. Vin Nostrand Co.. New York (1049). Vol. II. 
P ** 3 Rnat. lift.. 56. 1051 (1922); Lo Fivre and Tidcman. J. Chem. Soc.. 1729 (1931). 
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Bomeol and isobomeol are the stereoisomeric secondary alcohols 
corresponding to camphor and have been shown to have the following 
configurations. 



Borneo! leobocneol 

(011/bridge Iran*) (Oll/l.ndge ext) 


Their stereochemistry was the subject of considerable controversy. 265 
Certain earlier work 255 on the rates of hydrolysis and formation of esters 
of borneol (rapid) and isobomeol (slow) indicated the correct stereo¬ 
chemical relationships given above, but other early work supported the 
opposite assignment. 

Dehydration of the borneols with acid, 257 or dehydrohalogenation of 
the bomyl chlorides 255 with alkali, is attended by molecular rearrange¬ 
ment to the isocamphane skeleton, camphene being the product. The 




Cambridge University Press, London 


04 Simonson, "The Chemistry of the Terpcnes." 

(1949), 2nd ed.. VoL II. pp. 355 ff. 

” wT k “ d . W »», 924 (1920). 

WaUach Ann. 130 239 (1880); Junpr nni Klagra. Bee.. 29. 547 (1890) 

mb " n - Ann ■ W 3“ (1875); Barthalot, Comp,. rend.. 66. 545 (1802) 
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C'amphene is a white crystalline solid of m.p. 51-52°. The relatively 
high melting points of camphene, camphor, and the bomeols are charac¬ 
teristic of highly condensed bicyclic systems. Camphene is known in 
optically active ([a) D +104°, —85°) and optically inactive forms. 

By far the most interesting transformation of camphene is its con¬ 
version to isobornyl chloride on treatment with hydrogen chloride. The 
reaction has been shown to proceed through the formation of a relatively 
unstable, true camphene. hydrochloride with Wagner-Mcerwein rear- 
rangement. 25 * 



Camphene hydrochloride 




Meerwein and Linster. Her. 

J. Am. Chan. Hoc.. 60. 1685 (1938); 
Chapter 1. Vol. HI. of this Treatise. 


63. 1821 (1920); 66B. 2600 (1922): Bartlett and POckcl. 
Bartlett and Gill. ibvt.. 63. 1273 (1941). See also 
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The intermediate carbonium ions cannot have real existence, since 
XXXII is identical with the carbonium ion resulting from pinene hydro¬ 
chloride, and the product of the rearrangement of the latter compound, 
as discussed earlier, is bornyl chloride, not isobornyl chloride. Two 
explanations for the different courses of the two rearrangements may 
be given: (1) the carbonium ion XXXII may, at the site of the positive 
oharge, retain asymmetry; (2) the carbonium ion is never free but rather 
must be looked upon as an extreme expression for one phase of a con¬ 
tinuous process. The evidence favors the second explanation, since it 
has been shown in simple cases that racemization attends the production 
of the carbonium ion at an asymmetric center.” 0 

As with pinene hydrochloride, rearrangement of camphene hydro¬ 
chloride proceeds through two Walden inversions as a continuous 
process. 



Camphene hydrochloride leobornylchlor.de 



Pinene hydrochloride Borny l chloride 


The rearrangements of camphene and pinene hydrochlorides are 
strongly catalyzed by substances such as liquid sulfur dioxide, cresol, 
phenol, and stannic chloride.” 1 Two factors are discernible: high di¬ 
electric constant, which favors ionization of the C—Cl linkage; and 

For a discussion, seo Wheland. "Advanced Organic Chemistry " John Wilnv A Q nn . 

cT: or - ic 
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solvation of the chloride ion, which also lowers the energy barrier to 
ionization. The rearrangements of the chlorides are catalyzed by hy¬ 
drogen chloride, presumably by the formation of a proton bond between 
a hydrogen chloride molecule and the chlorine atom of the C—Cl linkage 
in the halide. 25 * This fact made the work with the chlorides especially 
difficult. 

As pointed out earlier, these interconversions of the pinane, camphane, 
and isocamphane carbon skeletons by Wagner-Meerwein rearrangement 
form the basis of methods for the production of camphor from a-pinene.* 6 * 
Two of the processes involve the formation of camphene by dehydro- 
halogenation of bornyl chloride prepared from pinene. In one of the 
processes the camphene is oxidized directly to camphor; in the other the 
camphene is converted to isobomyl formate by reaction with formic 
acid, the ester is hydrolyzed to isobomeol, and this in turn is converted 
to camphor by oxidation. A third process utilizes vapor-phase catalytic 
rearrangement of pineneto camphene followed by oxidation to 
camphor. 

Camphene has been synthesized by the reactions shown.** 3 ® 

o + 





Camphene 


In view of the tendency of camphene to rearrange under acidic 
conditions, viz., its conversion to isobomyl chloride described above, 
the synthesis is not unambiguous. However, the structure assigned to 
camphene has been unequivocally established by degradation.** 4 

Simonson. 'The Chemistry of the Terpcnes” Cambridge University I>re*. London 

< 1 -Dulol! d Do'[ou.“od P “hue«. Bull. cW Fray,. 8. *». (IMOi «[" W ‘ 0V “" d 
Gulyaeva J. Gen. Chem. ( U.S.S.R. ). 16. 251-60 (1946) [C. A.. «. 1U fJW7)I. 

Diels and Alder. Ann.. 460. 9S. 120 (1928); 470 03 (1929); 486 202 (1931). 
tu Wagner. J. Rue,. Phy•. Chem. Soc.. 31. 680 (1899); Scmmler. Ber., 42. 246 (1009). 
Harries and Palmcn. Ber., 43, 1432 (1910). 
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Camphene, prepared by dehydration of isoboraeol, always contains 
the saturated hydrocarbon tricyclene. Tricyciene may be separated 
from the mixture by virtue of its resistance to permanganate oxidation, 266 
but is most conveniently prepared by treating camphor hydrazone with 
mercuric oxide in alkaline solution. 256 



Tricyclene 


P-Pericyclocamphanone, a tricyclic ketone of related structure, has 
been obtained from diazocamphor by a similar process. 257 



Diaso camphor fl.Paricycloeamphanone 

The product of the series of reactions was at first believed to have the 
structure of an unsaturated ketone. 255 Such a structure violates the 



now-familiar Bredt rule, which states that a double bond cannot termi¬ 
nate at the bridgehead of a bicyclic system of small rings. Indeed, it 
was Bredt’s investigation of 0-pericyclocamphanone 265 that established 
the correct structure for the substance and provided some of the evidence 
for the generalization that bears his name. 270 


*“ Wagner, Moycho, and Zienkowski, Ber., 37, 1035 (1904). 

**' Meorwein and Emster, Ber., 53, 1815 (1920). 

Bnr 14 1375 <1881); Bredt and Hols. J. pr a*. Chan., 95. 133 (1917). 

*“ An «® h - **.. 34, n, 44 (1894); Ber., 38, 819 (1895) 

Bredt and Hols, /. prakt. Chem.. 96, 133 (1917). 
m For a discussion of the Bredt rule, see Wh eland. “Advanrwl r-v • . 

John Wiley A Sons, New York (1949). 2nd ed.. p^?5. Cheimatry ' 
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Fenchane Group. The most important naturally occurring terpene 
having the fenchane carbon skeleton is fenchone, a constituent of oil of 
fennel. 



FeDchv&e 


Fenchone is an oil with a camphorlike odor, which caused early in¬ 
vestigators to assume that its structure was similar to that of camphor. 
It solidifies when cooled in ice and melts at 5-6 3 . Fenchone is optically 
active, and the two enantiomorphic forms have been isolated. 271 

The problem of determining the structure of fenchone was more 
difficult than the determination of the structure of camphor, since 
fenchone does not contain a methylene group adjacent to the carbonyl 
group and hence is not susceptible to stepwise degradation by oxidation. 
The fenchone problem would have been very difficult indeed had not the 
structure of camphor been established previously, for the chemistry of 
fenchone and its derivatives is replete with molecular rearrangements. 

Reduction of fenchone with sodium in butyl alcohol yields a fenchyl 
alcohol that can be dehydrated to a hydrocarbon, a-fenchene. This 
hydrocarbon on oxidation gives a-fenchocatnphorone, which on further 
oxidation yields apncamphoric acid, of known structure. On the basis 
that no rearrangement occurred in the formation of a-fenchene. W allach 
proposed the structure XXXIII for fenchone. and this scheme for its 
degradation. 272 This formulation now is known to be incorrect, but it 



o-F« B eho~mphoro«* Apocamphork idd 


is of interest in so far as it shows how the thinking at the time was 
conditioned by the recognized similarity of fenchone to camphor. 

w Wallach. Ann.. 203. 129 (1S91); 272. 102 (1892). 
n Wallach, Ann., 300, 319 (1S9S). 
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The principal objection to XXXIII for the structure of fenchone was 
that it contained hydrogen atoms a to the carbonyl group, and fenchone 
did not show any of the reactions characteristic of this system; e.g., it 
could not be carbonated in the presence of sodium and it resisted oxi¬ 
dation by nitric acid. The correct formula for fenchone was proposed 
by Semmler in 1905. 273 It permits this interpretation of the degradation 
by way of fenchyl alcohol, a-fenchene, and a-fenchocaraphorone. 



Hence fenchyl alcohol is dehydrated to a-fenchenc with Wagner-Meer- 
wcin rearrangement. 



(fKenchene 


The dehydration of fenchyl alcohol actually gives a mixture of several 
hydrocarbons. 274 All except cyclofenchene result from more or less 
extensive rearrangements of the above type. 


* n Semmler, Chem. Ztg., 29, 1313 (1905). 

9A ' 72 (1936) 1C. A.. SI. 2196 (1937)); ibid. 
(1930) [C. A., 31, 2195 (1937)]; Komppa and Nyman, Ann., 636, 252 (1938). 
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Cyclofenchene 


The only dehydration product of which the purity is certain is the 
tricyclic saturated hydrocarbon cyclofenchene, which can be freed of the 
unsaturated products by repeated oxidation of the impure mixture with 
permanganate. Cyclofenchene is related to fenchone as tricyclenc is 
related to camphor and, indeed, is most readily prepared in the same 
way, i.e., by treatment of the hydrazone of the ketone with mercuric 
oxide in the presence of alkali.* 74 



It is particularly noteworthy that cyclofenchene was first obtained 
from the mixture of hydrocarbons that results from heating crude 
pinene hydrochloride with alkali. 776 The formation of fcnchyl chloride 
from pinene hydrochloride by Wagner-Meerwein rearrangement was 
discussed earlier, and the production of cyclofenchene undoubtedly 
results from the dehydrohalogcnation of the fenchyl chloride so formed. 
This scries of transformations, remarkable in its complexity, serves to 
emphasize the magnitude and interest of the problems encountered in 
elucidating the structures of the bicyclic tcrpencs. 



a*Pinene Fenchyl chloride Cyclofenchene 

Hydration of cyclofenchene yields isofenchyl alcohol, which is also 
formed in the hydration of a-fenchene. 777 The formation of isofenchyl 


,:i Ger. pat. 353.933 (1923) [C. A.. 17. 1803 (1923)). 

*’• A.Hchan. B<r.. 40. 2750 (1907); Ann.. 387. 1 (1912). R 

Bertram and Hello. J. prakt. Cktm.. 61. 300 (1900); Qvist. Ann.. 417. 278 (1918). 
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alcohol from a-fenchene requires molecular rearrangement and may be 
presumed to proceed through the fenchyl carbonium ion and cyclo- 
fenchenc. The ketone corresponding to isofenchyl alcohol, isofenchone, 



Cyolofenchene Isofenchyl alcohol Isofenchone 


is produced by oxidation of the alcohol, and its structure has been 
established. 

Fenchone has been synthesized by the following reactions. 879 



Although the chemistry of fenchone, isofenchone, and the various 
alcohols and hydrocarbons derived from them has been the subject of 
much investigation, the stereochemistry of the compounds and their 
rearrangements have not yet been clearly elucidated. 


SESQUITERPENES 


The sesquiterpene hydrocarbons constitute a group of compounds of 
the formula CisH 21 which are found in many essential oils. Wallach ,!0 


m/i osu2)**’ 5 <1908,: W ‘ u ~ h “ d Hombe ™ *"■ 

m Ruacka, Ber., 50, 1362 (1917). 

u> Wallach, iinn.. 238, 78 (1887); 239, 49 (1887). 
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Cyclofenchene 


The only dehydration product of which the purity is certain is the 
tricyclic saturated hydrocarbon cyclofenchene, which can be freed of the 
unsaturated products by repeated oxidation of the impure mixture with 
permanganate. Cyclofenchene is related to fenchone as tricyclene is 
related to camphor and, indeed, is most readily prepared in the same 
way, i.e., by treatment of the hydrazone of the ketone with mercuric 
oxide in the presence of alkali.* 74 



It is particularly noteworthy that cyclofenchene was first obtained 
from the mixture of hydrocarbons that results from heating crude 
pinene hydrochloride with alkali. 776 The formation of fcnchyl chloride 
from pinene hydrochloride by Wagner-Meenvein rearrangement was 
discussed earlier, and the production of cyclofenchene undoubtedly 
results from the dchydrohalogcnation of the fenchyl chloride so formed. 
This series of transformations, remarkable in its complexity, serves to 
emphasize the magnitude and interest of the problems encountered in 
elucidating the structures of the bicyclic terpeucs. 



a .Pinene Fenchyl chloride Cyclofenchene 

11 vd ration of cyclofenchene yields isofenchyl alcohol, which is also 
formed in the hydration of a-fcnchene. 777 The formation of isofenchyl 


,:i Ger. pat. 353.933 (1923) [C. A.. 17, 1803 (1923)). 

Auchan, Der.. 40. 2750 (1907): Ann.. 387. 1 (1912). 

Bertram and Hollo. J. pro*. Chem . 61. 300 (1900,; Qvirt. Ann.. 
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alcohol from a-fenchene requires molecular rearrangement and may be 
presumed to proceed through the fenchyl carbonium ion and cyclo- 
fenchene. The ketone corresponding to isofenchyl alcohol, isofenchone , 



Cyclofenchcne Isofenchyl alcohol Isofeoohone 


is produced by oxidation of the alcohol, and its structure has been 
established. 278 

Fenchone has been synthesized by the following reactions. 27 ® 



Although the chemistry of fenchone, isofenchone, and the various 
alcohols and hydrocarbons derived from them has been the subject of 
much investigation, the stereochemistry of the compounds and their 
rearrangements have not yet been clearly elucidated. 


SESQUITERPENES 

The sesquiterpene hydrocarbons constitute a group of compounds of 
the formula CuH 2 < which are found in many essential oils. Wallach 280 

« m XZ£r£. Sfl»T 5 <1908): “ - 

m Ruxicka, Ber., 50, 1362 (1917). 
w Wallach, Ann.. 238, 78 (1887) ; 239, 49 (1887). 
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was the first to propose that the carbon skeletons of the sesquiterpenes 
were made up of three isoprene units. Although the particular ar¬ 
rangement of isoprene units that he suggested was later shown to be 
incorrect, the idea that the sesquiterpenes are trimers of isoprene has 
been of great aid in the determination of their structures. Later work 
has shown that not all sesquiterpenes can be built up from isoprene units 
and that the isoprene rule must be applied to new substances of this 
class with caution. 

The discussion here of the sesquiterpenes and their oxygenated deriva¬ 
tives is limited to a few of the more important typical compounds. A 
large number of sesquiterpenes have been isolated and characterized 
although the structures of the majority remain to be established. 

Fnmesol is an acyclic sesquiterpene alcohol found in the essential oils 
of ambrette seeds and citronella, and is rather widely distributed in na¬ 
ture. The constitution of farnesol was determined by Kerschbaum.* 11 
The compound is a primary alcohol since on oxidation with chromic 
acid an aldehyde, farnesal, having the same number of carbon atoms 
as farnesol is obtained. Farnesal oxime on digestion with acetic an- 



F*rnr«rnic ncid Owanyl aw>t»ne 


Hyilrolynin 

Decarboxylation 




Geranyl chloride 

s' 1 Kewlibnum. Hrr.. 46. 1732 (1913). 
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hydride is converted into the nitrile of farnesenic acid. This nitrile 
on alkaline hydrolysis is converted in part to farnesenic acid and in part 
to a ketone, Ci 3 H 2 20 , which is identical with a,/9-dihydropseudoionone 
(geranylacetone) obtained synthetically 282 from geranyl chloride and 
sodium acetoacetate. 

The conversion of farnesenic acid nitrile (or famesal) 283 to geranyl¬ 
acetone on treatment with alkali represents a reversal of an aldol 
condensation and is strictly analogous to the conversion of citral to 
acetaldehyde and methylheptenonc. The positions of the double bonds 
in farnesol have been established by ozonolysis, which yielded acetone, 
levulinic aldehyde, and glycolaldehyde. 2M Formaldehyde also was 
obtained, indicating the presence in farnesol of material having a 
terminal methylene group. The situation is similar to that encountered 
with the oxygenated acyclic monoterpenes and is further complicated 
by the possibility of cis-lrans isomerism about the double bonds. Four 
stereoisomers of farnesol are possible, and this, taken with the presence 
of double-bond position isomers in the isopropyl group, means that 
farnesol may be a mixture of eight isomeric substances. 286 ' 284 

a-Farnesene is obtained from farnesol on long storage 287 or on distil¬ 
lation from potassium bisulfate 288 and is probably identical with sesqui- 
citronellene, which has been isolated from oil of citronella. 288 



Nerohdol, an acyclic sesquiterpene alcohol which has been isolated 
from neroh oil, 110 bears the same structural relationship to farnesol that 
lmalool bears to geramol and nerol. The structure of nerolidol was 


< 3 < *■ 3 «**«. 

“ ^' l0y ' BuU ■ <**»• franc. |4] 35. 606 (1924). 

Harries and Haarroann. Ber., 46. 1737 (1913). 

S UZ,cka ' Hdv ' CkSm * Aa<x ‘ 6 > 49 $ 0923). 

Pt^bably cm since geramol is c« The «”****<* of geranylacetone is 

Z t H “™ann. Ber., 46. 1741 (1913). 

m. Hde - CW Ada - 6 * 40 8 (1923). 

no Semmlor and SporniU. Ber., 46, 402 8 (1913). 

Hesse and Zeitochel. J. pro*. Chem.. 66, 604 (1902). 
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established by Ruzicka, who also succeeded in synthesizing the racemic 
form of the compound by application of the method used for the syn¬ 
thesis of linalodl. 291 



Geranyl awton. rf/.Nerolidol 


Nerolidol from natural sources is optically active. Since geraniol has 
a cis configuration, it may be concluded that this relationship extends 
to synthetic (//-nerolidol. 

Bisabolene, which is found in oil of bergamot and bisabol myrrh and 
many other essential oils, is representative of the monocyclic sesqui¬ 
terpenes. The main structural features of bisabolene follow from the 
discovery that one of the isomeric bisabolenes results from treatment 
of (//-nerolidol with acidic dehydrating agents. 1 * The position of the 
double bonds in y-bisabolene was established by oxidation with ozone 
in glacial acetic acid, which gave mainly acetone and levulinic acid. aM 



Ncrolidul 


vllf.iU.lrnc 


Zingiberene is a sesquiterpene hydrocarbon that constitutes the mam 
portion of ginger oil, where it occurs with bisabolene. Oxidation of 
zingiberene with ozone gives the same products as arc obtained from 
bisabolene, and this has been interpreted to indicate that the two hydro 
carbons have the same carbon skeleton- Zingiberene differs from 
bisabolene in having a conjugated pair of double bonds««‘ '“ d,cal ^ ^ 
reaction with diazoacetic ester - and reduction with sodium in 
. rlihvdrn7imriberene m Dihydrozingiberene with ozone and chromic 

... Ruzicka, Hd.. CM-. Ada. 6. «3. « «»• 

** Ruzicka and Cnpato. ibid 8, ( "”®: 

... Ruzicka and Van Vacn. Ann.. 468, 183. 143U1929'. 

:>• Ruzicka and Van Veon. Ann.. 468. 143 (1929). 

i* Scmmlcr and Bcckcr. *-.46. 1816(1913). 
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with permanganate yields a ketonic dicarboxylic acid (XXXIV) which 
undergoes the haloform reaction with conversion to a tricarboxylic acid 
(XXXV). These transformations led Ruzicka and Van Veen to propose 
a structure for zingiberene and the following scheme for its degradation. 294 



Although the isoprene rule aided greatly in the elucidation of the 
structures of the sesquiterpenes, signiheant progress was made only 
after the discovery by Ruzicka and his co-workers that many of the 
compounds of this class could be converted to naphthalene derivatives 
by dehydrogenation with sulfur. In the earliest researches employing 
sulfur dehydrogenation it was shown that the sesquiterpene cadinene 
gave 1 ,6-dimethyl-4-isopropylnaphthalene ( cadahme) when heated with 
sulfur, 2 ” whereas eudesmol and selinene gave l-methyl-7-isopropylnaph- 
thalene (, eudalene ) under similar conditions. 2 ” Eudalene and cadalene 
are the only naphthalenic hydrocarbons that have been obtained from 
sesquiterpenes on sulfur dehydrogenation. 
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Cadalene contains the fifteen carbon atoms of its sesquiterpene pre¬ 
cursors and can be built up from three isoprene units. Eudalene lacks 
one carbon atom relative to its sesquiterpene precursors. The carbon 
skeleton postulated for the precursors of eudalene assumes that the 
carbon atom eliminated in the dehydrogenation is present at C-10 of 
the potential naphthalene nucleus since the skeleton so derived is the 
only one that can be built up from isoprene units. Sulfur dehydro¬ 
genation thus divides many of the sesquiterpenes into the eudalene and 
cadalene classes. 




Eudalene type 


Rapid progress in determination of structure followed the discovery 
of the dehydrogenation reaction. The earlier work with oxidative 
degradation had yielded little information of gross structural value 
because the products of oxidation were too complex to permit un¬ 
equivocal interpretation. 

Cadinene is a bicyclic sesquiterpene hydrocarbon that occurs in a 
large number of essential oils. It was separated first from oil of cubeb, 



II.COOCjH, 
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CjHjOH 
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CH,Rr MUonic^ 

syntlirsi* 




H Oil 


Cadalene 



THE TERPENES 


065 

of which it is a major constituent. 2 * 8 Wallach isolated cadinene from a 
number of natural oils and demonstrated that it could be regenerated in 
pure condition from its dihydrochloride by heating with aniline. 2 ** The 
sulfur dehydrogenation of cadinene, which gave cadalene (1,6-dimethyl- 
4-isopropylnaphthalene), established the carbon skeleton beyond rea¬ 
sonable doubt. 2 * 6 The structure of cadalene was established by syn¬ 
thesis from carvone (p. 664). 80 ® 

With the skeleton determined by dehydrogenation, there remained 
only the problem of locating the two double bonds in the molecule. 
Although several formulas were proposed in the two decades following 
the dehydrogenation experiments, only recently has good evidence for 
the positions of the double bonds been obtained. Using a method 
similar to that employed by Ruzicka and Stembach in work on dextro- 
pimaric acid, 501 Campbell and Soffer 802 converted cadinene to cadinene 
dioxide by the action of perbenzoic acid, treated the dioxide with excess 
methylmagnesium chloride, and subjected the resulting crude material 
to dehydrogenation with selenium. The product of the dehydrogenation 
was fractionated to obtain, in addition to other products, 4-isopropyl- 
1,2,6,7-tetramcthylnaphthaIene (XXXVI), identified by comparison 
with a synthetic product. The result is explicable on the basis that 
cadinene has the formula indicated. 



Earlier formulations for cadinene placed the double bonds at the 
3,4- and 5,6-posit.ons. These cannot be correct since they coutd not 

" “r M - 323 (,M0 >- 

“ “2 f * idd - HtU - Ckim - Ada - *■ 369 «»»>• 

Kuncka and Stembach, ibid., 23, 124 (1940). 

Campbell and Soffer. /. Am. Chan. Soc.. 64. 417 (1942). 
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explain the formation of the dimethylcadalene (XXXVI). Although 
positions 2,3 and 7,8 for the double bonds could possibly lead to XXXVI, 
they are unlikely in view of the purity of the product obtained and the 
easy rearrangement of such double bonds to a more highly substituted 
position by acid reagents, a property not shown by cadinene, which is 
unchanged by digestion with hot 10% sulfuric acid. 303 

The physical properties of cadinene are characteristic of the sesqui¬ 
terpene hydrocarbons. The compound is a viscous oil, b.p. 134-136° 
(11 mm.). It is known iu dextro- and levo-rotatory forms, and, although 



Eudtltne >OH 



** Kuzicka awl 


,| Stoll. Ilch. ( him. Ada. 7. S4 <I«M). 
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it is not used as such, essential oils containing cadinene are used in the 
scenting of soaps. 

Selinene, a sesquiterpene present in celery oil, and eudesmol, a sesqui¬ 
terpene alcohol in oil of eucalyptus, form a pair of substances analogous 
to limonene and a-terpineol in the monoterpene group. Both selinene 
and eudesmol yielded eudalene on sulfur dehydrogenation, showing they 
have the same carbon skeleton (p. G66).* 04 Selinene dihydrochloride on 
treatment with milk of lime gave an unsaturated, crystalline sesqui¬ 
terpene alcohol which on catalytic hydrogenation was converted to a 
dihydroselinenol identical with dihydroeudesmol prepared from eudesmol 
by catalytic hydrogenation.* 0 * Oxidation of eudesmol with ozone 
produced a keto alcohol (XXXVII) with one less carbon atom, showing 
that the double bond in eudesmol is contained in a terminal methylene 
group.* 06 The position of the hydroxyl group in eudesmol was estab¬ 
lished by conversion of dihydroeudesmol to the corresponding chloride, 
dehydrohalogcnation with aniline, and ozonolysis of the double bond 
thus produced. The product of this sequence of reactions was 5,9-di- 
methyl-3-acctyldccalin. The presence of two terminal methylene 
groups in selinene was established by ozone oxidation, which yielded a 
diketone with two less carbon atoms than the parent hydrocarbon.* 06 

Treatment of selinene dihydrochloride with potassium acetate or with 
aniline gives an isomeric hydrocarbon. Natural selinene is designated 
0-selinene, whereas the material regenerated from the hydrochloride 
is a-selinene. 107 Corresponding to a-selinene is a-eudesmol, the presence 
of which in natural eudesmol is indicated by the isolation of a hydroxy- 
ketonic aldehyde, Ci 5 H 2 80 3 (XXXVIII), in addition to the keto alcohol 
(XXXVII), from the ozonolysis of the natural product. 





IIO 


Conclusive proof that these sesquiterpenes of the eudalene type 
conform to the isoprene rule and hence have the angular methyl group 
in the position shown has been provided by the work of Ruzicka and his 
collaborators.* 03 In this work dihydro-a-eudesmol was dehydrated and 


M Ruzicka, Meyer, and Mingaxiini. ibid., 6, 363 (1922). 

•“Ruzicka, Wind, and Koolhaas, ibid., 14, 1132 (1931). 
m Ruzicka and StoU. ibid., 6, 926 (1922). 

“ 7 Semmlor and Rise. Ber., 45, 3301. 3725 (1912). 

and ^ ^ S5 ' 13M <1M2): ""*• 
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ozonized to give the dimethyldecalone XXXIX. The dibenzylidine 
derivative of XXXIX was oxidized to the dicarboxylic acid XL. This 
acid has been obtained in both cis and trans forms, which would not be 
possible if carboxyl group A were attached to a completely substituted 
carbon atom, since the presence of an a-hydrogen is necessary for m- 
Irans isomerism in systems of this type. 



Copaene, found in African copaiba balsam, is representative of one 
class of tricyclic sesquiterpene hydrocarbons. The presence of three 
rings and one double bond was established in early work ,’ 09 as was the 
carbon skeleton, by the discovery that treatment of copaene with 



hydrogen chloride produced cadinene hydrochloride. I he cleavage of 
one ring by hydrogen chloride is analogous to the action of acids on 
the carenes in producing dipentene and sylvestrene. Although struc- 


M9 Sommler and Stcnzel. Her., 47, 2555 (1914). 
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tures for copaene were proposed based on the incorrect formula for 
cadinene, later work a, ° located the double bond and the cyclopropane 
ring with a high degree of certainty. Copaene monoxide, prepared by 
the action of perbenzoic acid on the hydrocarbon, was treated with 
excess methyl Grignard reagent to give a crude product that yielded 
l,6,7-trimethyl-4-isopropylnaphthalene (XLI) on selenium dehydro¬ 
genation. The appearance of the methyl group from the Grignard 
reagent at the 7-position showed that the double bond of copaene 
occupied the same position as one of the double bonds in cadinene. 

The alternative formula in which the cyclopropane ring terminates 
at the angular position is considered unlikely since such a structure, by 
analogy to aromadendrene (p. 671), should yield an azulene on dehydro¬ 
genation, whereas copaene yields cadalene in this reaction. 

Vetivone, a sesquiterpene ketone found in vetiver oil, and guaiol, a 
sesquiterpene alcohol occurring in guaiac wood oil, are representative 
of sesquiterpenes having the carbon skeleton of bicyclo-[5:3:0]-decane. 
Sesquiterpenes of this group are characterized by conversion to the 
highly colored azulenes on dehydrogenation with sulfur or selenium. 





Azulenes also occur as such in several natural oils. Thus velivazulene 
has been isolated in the pure state from-vetiver oil,*" and chamazulene 
is the substance responsible for the blue color of chamomile oil. 812 
Plattner was the first to propose that the azulenes are the alkyl deriv- 

10 Briggs and Taylor. J. Chem. Sac.. 1338 (1947). 

*" Plattner and Pfau. Hdv. Chim . Ada, 20, 224 (1937). 

“ d Rudolph ' *■ 118 < 1928 >i «>*<*. *nd Haagen-Smit, ibid., 14, 1104 
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atives of a new hydrocarbon, bicyclo-[5:3:0]-l,3,5,7,9-decapentaene 
(azulene), and the proposal was confirmed by the synthesis of 4-methyl- 
azulene. 313 Starting material for the synthesis was bicyclo-[5:3:0]-dec- 
anone (XLII), which had been prepared from 9,10-octalin by ozonoly- 
sis and internal aldol condensation. 314 


CHaMtrl 


4-MethylaxuJene 


4-Methylazulene shows a deep-blue color and otherwise resembles 
the azulenes from natural sources in all respects. Its synthesis was 

1 JcH,Cl ><h COOC,H ' i^COOC,H. 

ch»o ^coocjHi \ / 


N,CH—COOC,H t 


Hydrolywla 

Pd-C 
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followed shortly by the synthesis of azulene itself, which is a blue hy¬ 
drocarbon, ra.p. 98-99°, and there followed the development of several 
methods for the synthesis of various alkyl-substituted 3,6 azulenes. 
Vetivazulene was synthesized by the above sequence of reactions. 316 

The researches that elucidated the structures of vetivone 317 and 
guaiol 3,8 were closely related to the structural problem posed by the 
azulenes. The tricyclic sesquiterpene hydrocarbon aromadendrene 319 
and the tricyclic sesquiterpene alcohol ledol "° give azulenes on dehy¬ 
drogenation. These transformations must involve cleavage of the cyclo¬ 
propane ring with the formation of the bicyclo-[5:3:0]-decane skeleton. 



Guaiaxulcnc 


DITERPBNES 


Acyclic Diterpenes 

An important representative of the acylic diterpenes is phytol, an 
alcohol obtained by the saponification of chlorophyll. The phytyl 
group makes up about one third of the chlorophyll molecule. The 
same alcohol has been obtained from the chlorophyll of more than 200 
species of plants. Phytol has the molecular formula C20H40O and is 

" Har P° r » Arxn - to/**- on Progreu Chem. ( Chem. Soc. London), 44, 162 (1947). 

1 Pfau “d Plattnor, Hdt. Chim. Ada, 22, 202 (1939). 
n1 Pfau and Plattnor. ibid., 23, 768 (1940). 

"• Plattnor and Magyar, ibid., 24. 191 (1941); Plattnor and Lomay. ibid., 23. 897 (19401- 
Plattnor and Magyar, ibid., 24, 1163 (1941); 26, 581 (1942). ( ' 

AZ“ 2 0 X) Sh0rt - * Clm - 1200 <1938>: N * V “ “ d **■ 

“Kommpa and Nyman, Compt. rend. trot. lab. CarUberg, Sir. ehim., 22 2t2 (19381 

Ny ““ “ d M “' SuOTOn m». 3 



672 


ORGANIC CHEMISTRY 


a primary alcohol with one double bond” 1 Addition of ozone and 
reduction of the ozonide with zinc dust and acetic acid yields glycol- 
aldehyde, 0=CHCH 2 0H, and a ketone, CisHseO.*” Previous work 
had indicated that the hydrocarbon chain is branched, and it was 
assumed that phytol was a diterpene with a carbon skeleton divisible 
into isoprene units. On this basis, it was postulated that phytol had the 
structure 


CIIsCHCHjCHjCHjCHCHjCHjCHjCHCHjCHjCHjO^CHCHaOH 

I I I I 

CH, CH, CH, CH, 


and that the ketone is 6,10,14-trimethyl-2-pentadecanone. This ketone 
was synthesized by catalytic reduction of famesol to hexahydrofarnesol, 
conversion to the bromide, condensation with sodioacetoacetic ester, 
and hydrolysis. The synthetic product was identical with the Cig 
ketone obtained by the degradation of phytol. 

Phytol itself has been synthesized starting with the more readily 
available pseudoionone (p. 594).”* The Ci 8 ketone was synthesized as 
follows: 


CH,C=CHCH,CH s C=CHCH=CHCOCH, 

I I 

CH, CH, 

Paeudoiooooc 

CH,CHCH,CH,CH,CHCH,CH,CH,COCH, • 

I I 

CH, CH, 


Hi 

Pd-CaCOi 


IICaCH 

NaNH, 


♦ 


OH 

I 

CH,(CHCHjCHjCH,),C—C^=CH 

I I 

CH, CH, 


Hi 

Pd-CuCOj 


> 


OH 

CH,(CHCH,CH,CH,),C—CH=CH, —> 

I I 

CH, CH, 

NaOH 

CII,(CHCH 2 CH,CH,),C=CHCH,OAc -> 

I I 

CH, CH, 

CH,(CHCH,CHjCHj),C=CHCHjOH 


CH, CH, 


» Wilbtattcr and Hocheder. Ann.. 364, 205 (1907). 
m Fischor and Lowcnb«rg. Ann.. 464, 69 (1928). 

» Fischer and Ldwonberg. Ann.. 476, 183 (1929). 
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Acetoacetic eater, 

CH 3 (CHCH 2 CH 2 CH 2 ) 2 C>=CHCH 2 Br --> 

followed by hydrolysis 

CHj CH, 

CH 3 (CHCH 2 CH 2 CH 2 ) 2 C=CHCH 2 CH 2 COCH, pd - “^ - > 

ch 3 ch 3 

CH 3 (CHCH 2 CH 2 CH 2 ) 3 C0CH| 

I 

ch 3 

Further condensation with acetylene, reduction to the tertiary allyl alco¬ 
hol, and rearrangement to the primary alcohol gave phytol. Of special 
interest in the above synthesis are the selective catalytic reduction of 
unsaturated ketones to saturated ketones and of acetylenes to olefins, 
and the allylic rearrangement of the tertiary allyl alcohols to primary 
allyl alcohols. Other syntheses have since been devised. 3 * 4 
From the structure of phytol the double bond could give rise to 
cis-lrans isomers, and the two asymmetric carbon atoms could give rise 
to optical isomers. It appears, however, that natural phytol has an 
immeasurably low rotation. It is not a racemic mixture or a mixture of 
diastereoisomers, however, because dehydration gives a d-phytadieno 
which has a higher rotation than the phytadiene derived from an active 
synthetic mixture of diastereoisomers which have one identical and one 
enantiomorphic asymmetric carbon atom. 3 * 6 


Monocyclic Diterpenes 


The name intamin A was given to the dietary factor, isolated from 
the liver oils of salt-water fish, that is necessary for the growth of young 
animals, increases resistance to infection, prevents the eye disease 
known as xerophthalmia, and prevents the lack of visual acuity known 
as night-blindness. A second substance having vitamin A activity has 
been isolated from the liver oils of fresh-water fish. Accordingly, the 
compound from salt-water fish now is known as vitamin Aj and that 
from fresh-water fish as vitamin A 2 . Pure crystalline vitamin melts 
at 64° and has a biological potency of 4,300,000 u.s.p. XI units per 
gram.” 8 With the establishment of the International Unit as 0.344 ^g. 


■“Smith “id Sprung : J Am . Chem. Soe.. 65. 1276 (1943); Karrer. Geiger. Rentachler, 
Zbinden, and Kugler. HeU. Chim. Ada. 26, 1741 (1943). 

“ Karrer. Simon, and Zbinden. ibid.. 27. 313 (1944). 

Baxt€r and Robeson. J. Am. Chem. Soc., 64, 2411 (1942). 
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of pure vitamin A, acetate, equivalent to 0.3 ng. of vitamin Ai alcohol,* 27 
the potency of pure vitamin A x alcohol is approximately 3,300,000 
International Units per gram. Although cod-liver oil was the original 
source of vitamin A lf numerous other fish liver oils contain larger 
amounts. Thus, whereas cod-liver oil contains from 3000 to 5000 units 
per gram, halibut-liver oil contains from 10,000 to 15,000 units per gram, 
and liver oil from the soupfin shark averages about 350,000 units per 
gram. 

CH, CH, 
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/ \ 

II,C C—CH—CHC—CHCH—CHC=CHCH,OH 
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Subcommittee on Fat-Soluble Vitamins. Chronicle of World Health Organization, 3, 

147 (1949). 



THE TERPENES 


G75 


Vitamin A! has the molecular formula C 20 H 30 O. It absorbs five 
moles of hydrogen on catalytic reduction. It is an alcohol and forms 
esters. An amount of acetic acid corresponding to two methyl branches 
is obtained on oxidation with permanganate and to three methyl 
branches on oxidation with chromic anhydride in acetic acid. Ozo- 
nolysis yields geronic acid, (CH 3 ) 2 CCH 2 CH 2 COCH 3 . From these facts 

I 

COOH 

the accepted structure of vitamin Ai was proposed (p. 674).* 28 
This formula soon was substantiated by the synthesis of perhydro- 
vitamin A (.” 9 



0-Iononc 
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“ 5 arror - M <**. and SchSpp. Hdv. Chxm. Ada, 14. 
Karrer and Morf, ibid., 16, 625 (1933). 
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OH 



CH 2 CH : CHCH 2 CH;CH 2 CCHjCOOC : H 5 

/ I I 

CH, CH, 


11 Br 


Bromide 


Zn 


\/ CH 2 CH 2 CHCH 2 CH 2 CH 2 CHCH 2 CH 2 0H 

-Hg. thro \ 


Na and alcohol 




CH, CH 3 

Perhydroviiamin A| 


The product had the same boiling point, density, and molecular 
refraction as the compound obtained by the reduction of vitamin Aj, but 
it was an oil, and no solid derivatives could be formed. To complete the 
proof of identity, both products were converted into the ketone, 

\/ CH 2 CH 2 CHCH 2 CH 2 CH 2 CHCH 2 CH 2 CH 2 C=0 

A/ i i i 

CH, CH, CH, 


by conversion to the bromide, condensation with sodiomalonic ester, 
decarboxylation, conversion to the acid chloride, and reaction with 
methylzinc iodide. The ketones obtained from both preparations of 
perhydrovitamin A, gave crystalline seraicarbazones having the same 
melting point, and no depression in melting point took place on 
mixing. 

The first synthesis of vitamin A, was reported in 1937,“° but numerous 
attempts to repeat this work failed to yield a product having vitamin A, 
activity. Two years later the synthesis of the methyl ether of vitamin A, 
was reported,“> but no details have been forthcoming. However, the 
reluctance to depend on natural sources for a supply of vitamin A! and 
the potential monetary gain to be derived from a commercially feasible 
method of synthesis have not permitted chemists to be discouraged by 
these apparent failures. The large amount of effort that was expended 
began to bring results in 1946, and several undoubtedly successful 
syntheses have been reported since then." 2 All syntheses start with 
0 -iononc, and usually condensations with organometallic acetylene 


u« Kuhn and Morris. Ber.. 70. 853 (1937). 

ui Kinnins and Wild. Chemistry A Industry. 68. 802 (1939). , R 

» For summaries see MU as. Vitamins and Hormones. 6. I (1947); Inho en a 
maun. ForlschriUe der chemischen Forschung. 1. 175 (1949). 
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derivatives are involved. The first published synthesis of crystalline 
vitamin Ai alcohol is that of Swiss workers at the Hoffmann-La Roche 
Company." 3 The two principal starting compounds had been synthe¬ 
sized previously by others. The necessary Cj 4 aldehyde was made by 
a Darzens synthesis from /3-ionone. 334 



CH, 

I 

H=CHC=0 ciCH^oociHt 

NaOC,H»<-30‘) 



CH, 


—CH=CHO 


\ / 
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CHCOOC,H 6 


Saponification 

- i 

— 5* 



CH, 

I 

H=CHCHCHO 


The C fl acetylenic alcohol was made by condensation of methyl vinyl 
ketone with sodium acetylide in liquid ammonia, followed by allylic 
rearrangement. 333 Reaction of the acetylenic alcohol with an excess 

CH,COCH=CH, - NaCaCH > 


liquid NH, 

CH, 

Hfe=C—C—CH=CH, 


A, 


H»SO« 


CH, 

HCaC—C=CHCH,OH 


of ethylmagnesium bromide gives the Grignard reagent. Condensation 
of the acetylenic Gngnard reagent with the C I4 aldehyde and subsequent 
reactions give vitamin Aj alcohol. 

m Ialer, Huber, Ronco, and Kofler. Heh. Chim. Ada 30 1911 t.u o 

mi S“ dl0y ’ Huber ' DUler ' Kofler - 32. 489 '(1M9) ‘ ' C °' 

SSSigfMa 

Cymerman, Hedbron. and Jonea, J. Chem. Soc., 90 (1945). 
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Vitamin A| 


Vitamin A 2 has been isolated in a pure state as a chromatographically 
homogeneous viscous oil that gives a crystalline phenylazobenzoate. 
The biological activity is about 40% that of vitamin A,. Analysis of 
the phenylazobenzoate indicates that vitamin A 2 is isomeric with 
vitamin A,. The absorption spectra of vitamins A, and A 2 are very simi¬ 
lar and the spectra of their anhydro derivatives are almost identical. 
The constitution of vitamin A 2 is uncertain, but it is not an acyclic 

compound as was first proposed.” 7 ^ mnlpv 

The purple pigment of the retina of the eye is a protein complex 

called purple or rhodopsin. The prosthetic group is ret.n.ne, 

:: S K “ A~. 33. 38 (1060). 
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retinine 2 , which have been identified as the aldehydes corresponding to 
vitamin A! and vitamin A 2-” 8 



CH, 


CH, 

I 


H=CHC=CHCH=CHC=CHCHO 


Retiniaei (vitamin A, aldehyde) 


Bicyclic Diterpenes 


The best-known member of this group is agathic acid, which is a 
component of Manila copal or kauri copal. Manila copal is a natural 
resin collected from several varieties of Agaihis but chiefly from Agalhis 
alba. Although originally produced in the Philippines, the bulk of it 
now comes from the East Indies. Kauri is a fossil resin probably derived 
from Agalhis australis, the largest forest tree of New Zealand. These 
copals are used in the manufacture of varnish. 

Agathic acid has the molecular formula C 20 H 30 O 4 . It is a dicar- 
boxylic acid, and the molecule contains two double bonds. From these 
facts two rings must be present. One of the double bonds is reduced 
by sodium and alcohol, indicating that it is conjugated with one of the 
carboxyl groups. 

On direct esterification only a raonomethyl ester is formed. The 
dimethyl ester can be prepared by the reaction of the sodium salt with 
methyl sulfate, but on saponification only one methyl group is removed 
and a monomethyl ester is obtained different from that produced by di¬ 
rect esterification. These results indicate that one carboxyl group oc¬ 
cupies a strongly hindered position. 

Ozonolysis of agathic acid yields formaldehyde and oxalic acid The 
oxalic acid could arise from the a, 0 -unsaturated acid portion of the 
molecule, whereas formaldehyde could come only from a methylene 
group. 


When “gattoo ac.d is heated with selenium, 1,2,5-trimethylnaph- 
thalene (agathalenc) is formed. The constitution of this hydrocarbon 
has been proved by synthesis. If agathic acid is warmed with formic 
acid, it is converted into two isomeric isoagathic acids which contain 
only one double bond, indicating that a third ring has been formed 
Dehydrogenat.on of the isoagathic acids with selenium gives 1 7 -di- 
methylphenanthrene (pimanthrene). These reactions, taLr in con- 
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junction with the isoprene rule, provide a reasonable basis for postu¬ 
lating the structure of agathic acid with the exception of the relative 
positions of a methyl group and the sterically hindered carboxyl group . 139 
In the following formulas one of the two R groups is methyl and the 
other is carboxyl. Conhrmation of the structure of the unsaturated 



portion of the molecule has been obtained by the isolation and chemical 
reactions of the diketo methyl ester formed by the ozonolysis of di¬ 
methyl agathate .* 40 

The carboxyl group of agathic acid or of isoagathic acid that is con¬ 
jugated with a double bond is eliminated readily on heating. The 
position of the remaining carboxyl group has been determined by re¬ 
ducing the methyl ester of norisoagathic acid to the primary alcohol, 
dehydrating by heating with 0 -naphtholsulfonic acid at 210 , and 
dehydrogenating with selenium. The 6 nal product was 
ylphcnanthrene. This product would seem to indicate that a CH a OUU« 
group is at C-l except for the difficulty with which the carboxyl group 
is esterified. The alternative explanation is that both a methyl group 
and a carboxyl group are located at C-l and that the ethyl group .s 
produced by a Wagner-Meerwein rearrangement during the deny- 

dration of the alcohol .* 41 


» Rulirk » and Hoakin,. An,.. 469. 147 (1929): Hd a. CUm. Ado. 13. 1402 (1930): 14. 

^•R^'cka. Bornold. and T*IlKh.^ (Wd . (WI). 

**' Ruzicka and Jacobs. Rec. trav. chim.. 67, 609 (1938). 
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Sclareol, C 20 H 3 GO 2 , a ditcrpene alcohol from the oil of Salria sclarea, 
appears to have a structure closely related to that of agathic acid .* 45 



Tricyclic Diterpenes 

The most important diterpene from the commercial viewpoint is 
abieUc and, which is the chief constituent of rosin or colophony It is 
one of the characteristic constituents of the exudations of members of 
the pine family, the name being derived from the Latin word abies 
meaning Jfr Rosin is an important article of commerce, and most of it 

K K SPeC ^ ° f PiDe “ sout heastem United 

btates. About 60% of the production is exported. 

A large amount of rosin is used in the manufacture of varnish. Crude 
rosin is one of the most abundant and cheapest of organic acids The 
crude sodium salt (sodium resinate) is used for sizing paper and in tJe 
manufacture of yellow laundry soap. The sodium sTlt of disp onlr 
tionated ab.etic acid (p. 686 ) is used as an emulsifyinglgenUnThe 

K«KS!iSy*’. — —- 1.01 ». S (1932,; 


ORGANIC CHEMISTRY 


082 


manufacture of GR-S-10 synthetic rubber. When rosin is esterified 
with glycerol, the product is known as ester gum and is used in varnishes 
and nitrocellulose lacquers. The product of the reaction of rosin with 
maleic anhydride is used in the manufacture of alkyd resins. Minor 
uses of rosin are too numerous to mention. 

The oleoresin as obtained from the pine tree is a mixture of non¬ 
volatile acids and of volatile components called turpentine. The acids 
from fresh oleoresin of Pinus palustris have been separated by crystal¬ 
lization of various amine salts and have been estimated spectroscop¬ 
ically to consist of 30-35% of sapietic acid (levopimaric acid), 15-20% 
of abietic acid, 15-20% of neoabietic acid, 8% of isopimaric acid (iso- 
dextropimaric acid), 8% of pimaric acid (dextropimaric acid), 4% of 
dehydroabietic acid, and 4% of a dihydroabietic acid. 342 * Both sapietic 
acid and neoabietic acid when heated are isomerized readily to abietic 
acid, especially in the presence of acids. Because of the heating incident 
to the removal of the turpentine, rosin has a higher abietic acid content 
than the original oleoresin. 

To obtain pure abietic acid, isomerization of the rosin is completed 
by boiling in an alcoholic solution containing hydrochloric acid. After 
removal of the alcohol and acid, the diamylamine salt is formed and 
crystallized from acetone.* 41 * It has the molecular formula C 2 oH3o02- 
Since it contains one carboxyl group and two double bonds, it is tri¬ 
cyclic. 

Abietic acid was one of the first resin acids to be investigated, and 
most of the carbon skeleton has been known for a long time. Vestcrbcrg 
obtained l-mcthyl-7-isopropylphenanthrene (retene) in 1903 by heating 
abietic acid with sulfur.* 42 ' The constitution of this hydrocarbon had 
been established by 1910.* 4 * However, retene was not synthesized until 
1932, when three methods were published. Two of these methods are 
discussed here, because the general procedures have been of value for 
the synthesis of other derivatives of phenanthrene and other polynuclear 

aromatic hydrocarbons. . 

One method depends on the fact that, whereas halogenat ion and nitra¬ 
tion of naphthalene take place almost exclusively in the a-posit.on, 
alkylation and acylation by the Friedel-Crafts reaction take place to a 
considerable extent in the /3-position, particularly when nitrobenzene 
is used as a solvent.* 44 Naphthalene, isopropyl bromide, and aluminum 


uu Harris. J. Am. Chem. Soc.. 70, 3671 (1948). 

Harris and Sanderson, ibid.. 70. 334 (1948). 
w# Vestorberg. Ber.. 36, 4200 (1903). 
w Bucher J . Am. Chem. Soc.. 32, 374 (1910). _ 

w Thomas. "Anhydrous Aluminum Chloride in Organic Chemistry. 

limbing Corp.. No York (1941). PP- 1«. 271. 
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chloride give 2-isopropylnaphthalene, which condenses with succinic an¬ 
hydride and aluminum chloride in nitrobenzene solution to give sub¬ 
stitution in the 6-position. Reaction with methylmagnesium iodide, 
dehydration, and reduction yield the alkyl-substituted side chain. 
Cyclization, Clemmensen reduction, and dehydrogenation yield the 
dialkyl-substituted naphthalene.* 45 

(CH|)gCHBr. 

Aicii 





CHsCO 

I > 

CH-CO 

AlClj 


(CH,)jCH 


(CH|)iCH 
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CH, 


XXX-, 

HOOC x ^CH, 
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(CH.HCH 


CH.MkI 


HOOGL JDH r 
CH, 


»*°-, UAft 0 "' 




Zn-Hg, 

I I HCI ^ 

°-i. cf CH, 


(CH,),CH 




(CII,),CH 


1 L 




Rctenc 


1,7-Dimethylphenanthrene (pimanthrene, p. 680) was synthesized by 
the same procedure, starting with 0-methylnaphthalene, and 1,4,7-tri- 
alkylphenanthrenes can be obtained by allowing the intermediate cyclic 
ketone to react with a Grignard reagent. 

In a second synthesis of retene 145 a cyclic /3-keto ester was condensed 
with a 0-phenylethyl bromide, and the carbonyl group was reduced to 
the secondary alcohol. Cyclization and dehydrogenation gave the 

** Haworth. Letaky, and Mavin, J. Chem . Soc., 1784 (1932). 

*** Bardhan and Songupta, ibid., 2798 (1932). 
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Ketene 


phenanthrene. This method also lends itself to wide variation and has 
been used in the synthesis of other polynuclear hydrocarbons. 

In the formation of retene, CigH|g, from abietic acid, C 20 H 30 O 2 , the 
carboxyl group and one other carbon atom are lost. In an attempt to 
locate the position of the carboxyl group, the methyl ester was reduced 
to the alcohol, the alcohol dehydrated to a triply unsaturated hydro¬ 
carbon with phosphorus pentachloride, and the hydrocarbon dehydro¬ 
genated with selenium. The product was a homoretene, CigH 2 o -’ 47 
It was thought that by this series of reactions the carboxyl group had 
been converted to a methyl group with the introduction of a new double 
bond in one of the rings and that the homoretene was a methylretene. 
However, oxidation with alkaline potassium ferricyanide gave the same 
dibasic acid, phenanthrene-l,7-dicarboxylic acid, obtained by the oxi¬ 
dation of retene. Hence the homoretene was assigned the structure 
l-ethyl-7-isopropylphenanthrene ,* 49 which was confirmed by synthesis . 449 

It might be expected that the ethyl group was derived from a 
CH 2 COOH group, but this formulation does not agree with the difficult 

ui Ituzicka and Meyer. /Mr. Chim. Ada. 6, 581 (1922). 

Ruzicka. dc Graaff. and Mfillcr. ibid.. 15, 1300 (1932). 

"* Haworth. J. Chrm. Soc.. 2717 (1932). 
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esterification of abietic acid. Moreover, if the primary alcohol obtained 
by reduction of the ester is oxidized to the aldehyde and reduced through 
the semicarbazone, a hydrocarbon is obtained which gives retene on 
dehydrogenation. Hence the carboxyl group is located at the same 
position as the methyl group that appears in retene, and the ethyl 
group in the homoretcne arises from a Wagner-Meenvein rearrange¬ 
ment.* 50 



R«l«ne 


The location of the two double bonds in abietic acid has been diffi¬ 
cult. Isobutyric acid has been isolated as one of the products of oxi¬ 
dation of abietic acid, indicating a double bond occurs in a ring at the 
same carbon atom as the isopropyl group. The isolation of an adduct 
with maleic anhydride indicated that the double bonds were conjugated 
and in the same ring. However, it later was found that sapietic acid 
(levopimaric acid) gave the same adduct at room temperature, whereas 
a temperature of 100° was required for the reaction of abietic acid. 

** Rurick *' Meier, end HMi, Beta. CMm. Acta, 16. 169 (1933). 
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Accordingly, it was assumed that the double bonds are distributed in 
two rings in abietic acid and that rearrangement to sapietic acid takes 
place before addition. The ultraviolet absorption spectrum supports 
this view, since the position of the maximum for abietic acid (241 mu) 
lies in the range for two conjugated double bonds in two rings (215- 
250 m/i), and that for sapietic acid (272.5 m/i) lies in the range for 
two conjugated double bonds in a single ring (255-290 m/i)" 1 These 
facts together with the formation of isobutyric acid on oxidation are 
a strong indication that the double bonds are in the 7,8- and 9,14-po- 
sitions. The additional methyl group is placed at C-12 to satisfy the 
isoprene rule. This structure has been verified by a series of reactions 
starting with the tetrahydroxyabietic acid obtained by the controlled 
permanganate oxidation of abietic acid.”* 

When abietic acid is heated in the presence of palladium on charcoal 
at 250-275°, dehydrogenation takes place with the formation of dehydro- 
abietic acid. At 225° very little hydrogen is evolved, and disproportion- 



Abirtic acid Dehydroabwtic acid 


ation takes place to give dihydro- and tctrahydro-abietic acids as well 
as dehydroabietic acid. 1124 Disproportionation also occurs, along with 
decarboxylation, when abiotic acid is heated in the absence of catalysts. 
Formerly the disproportionated mixture was thought to be an isomerized 
abietic acid and was called pyroabictic acid. Both dehydro- and a 
dihydro-abictic acid have been isolated from fresh pine oleoresin.* 424 
Neoabietic add, isolated as the diethylamine salt, has a high-intensity 
absorption maximum at 250 mu and yields acetone on ozonolysis. It 




Woodward, J ’• Am. Chcm. Soe.. 64, 72 (1942). 

*w Kuzicka, Sternbach, and Jcgcr. Htlt. Chim. Aria, 24. 504 (1941). 
W* Fleck and Palkin. J. Am. Chem. Soc.. 60, 921 (1938). 
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has been assigned the structure having an isopropylidene group at 
position 7 and the second double bond at position 8.* 616 It isomerizes 
almost completely to abietic acid in the presence of strong acids. 

Sapielic acid at first was thought to be a stereoisomer of d-pimaric 
acid and was called i-pimaric acid. Since the two have been proved to 
be structural isomers, the name sapielic acid has been proposed instead 
of i-pimaric or levopimaric acid. Confusion would be avoided if the 
new name were generally adopted and the name d-pimario acid shortened 
to pimaric acid. 

The close relationship of sapietic acid to abietic acid has been indi¬ 
cated previously. Evidence has been presented that the maleic anhy¬ 
dride adduct has the remaining double bond in the 7,8-position, which 
fixes the positions of the original double bonds at the 6,7- and 8,14- 
positions.* 85 



Pimaric acid (d-pimaric acid) and isopimaric acid (iso-d-pimaric 
acid) are not isomerizcd readily and are obtained best by removing the 
sapietic, abietic, and neoabietic acids as the maleic anhydride adducts, 
and converting the remainder to the butanolamine (2-mcthyl-2-amino- 
1-propanol) salts. Crystallization gives the butanolamine salt of iso¬ 
pimaric acid, and liberation of the acids from the more-soluble portion 
and crystallization from acetone and from acetic acid gives the pure 
pimaric acid.* 84 

Pimaric acid had been isolated previously as the less-soluble sodium 
salt. It is isomeric with sapietic acid, but its two double bonds are not 
conjugated. Dehydrogenation yields 1,7-dimethylphenanthrene (pi- 
manthrene). The carboxyl group occupies the same position as in 
abietic acid.* 48 Ozonolysis yields formaldehyde, and one double bond 
can be hydrogenated more readily than the other. Ozonolysis of the 
dihydro derivative gives a keto aldehyde which does not give the iodo¬ 
form reaction and on Wolff-Kishner reduction and dehydrogenation 

*** Harris and Sanderson, ibid.. 70, 339 (1948). 

" Rusicka and Kaufmann, Hdv. Chim. Ada. 23, 1346 (1940). 

Hama and Sanderson. /. Am. Chem. Soc., 70, 2079 (1948). 
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gives an 18-carbon 1,5-disubstituted naphthalene. 356 This behavior 
can be explained by the following series of reactions. 





Isopimaric acid is the C-7 epimer of pimaric acid, since both give the 
same keto tricarboxylic acid on ozonolysis. 365 


TRITERPENES 
Acyclic Triterpenes 

Although hydrocarbons usually are not considered to play an im¬ 
portant part in animal metabolism, one hydrocarbon makes up as high 
as 90% of the liver oil of certain species of sharks. It lifts the molecular 
formula C 30 H 5 o and has been named squalene because it occurs chiefly 
in members of the family Squalidae. 354 However, it does not occur in 
quantity in every species of Squalidae and is distributed widely in other 
elasmobranchs. Moreover, it has been isolated from cod-liver oil. 

04 Harris and Snnderson. ibid., 70, 2081 (IMS). 

*• Taujimoto. Ind. Eng. CKcm.. 8. 889 (1916); 12. 63 (1920). 
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Although squalene occurs chiefly in the liver oils, it has been isolated 
also from intact fish eggs, and the intestines of Scymnorhinus lichia 
always contain up to 300 ml. of a dark oil which is chiefly squalene.’ 47 

Squalene adds six moles of hydrogen and six moles of hydrogen 
chloride, indicating the presence of six double bonds. A mixture of 
isomeric hexahydrochlorides is formed, of which three have been isolated 
in crystalline form. The action of sodium and amyl alcohol does not 
bring about reduction, indicating that no conjugated double bonds 
are present, and levulinic acid, HOOCCH 2 CH 2 COCH 3 , is formed 
on ozonolysis, indicating the 1,5-diene structure, =CHCH 2 CH 2 C= is 

I 

CH, 

present.* 48 

From the products of pyrolysis 2-methy 1-2-butene and bisabolene 
(p. 662) have been isolated, which was considered evidence that the 
farnesyl chain makes up a portion of the molecule. On the basis of 
these results it was assumed that the structure of squalene may be that 
of the famesene chain extended by the regular addition of isoprene units, 
namely, 

(CH,) 2 C=CHCH 2 (CH a C=»CHCH,)4CH J 0=CHCH, 

I I 

CHa CH, 


When it was discovered that /5-carotene and lycopene have sym¬ 
metrical structures in which two phytyl groups appear to be joined 
end to end (p. 701), it seemed likely that squalene might also have a 
symmetrical structure in which two farnesyl chains are joined end to 
end. This hypothesis was proved by the synthesis of squalene by the 
action of potassium or magnesium on farnesyl chloride or bromide.* 49 

(CH,)aO=CHCHaCHaC=CHCHjCH a O=CHCH J Br + Mg -► 

CH, CH, 

Farnesyl bromide 


(CH,) a C=CHCH 2 (CH a C=CHCH a )i(CH a CH=CCH 2 ) a CH a CH=C(CHa) a 

CH, CH, 

Squalene 

+ MgBr 2 

m Heilbron, Kamm, and Owens. J. Chem. Soc.. 1630 (1926). 

Majima and1 KuboU Japan. J . CW. 1, 19 (1922) [C. A.. 16, 3628 (1922)1. 

K*™* “d Helfenstein. Hdt. Chum. Ada. 14, 78 (1931). 
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The new formula explains the formation of the doubly unsaturated 
tetracyclic isomer on heating with formic acid and its dehydrogenation 
to 1,2,5-trimethylnaphthalene (agathalene ). 360 




Tricyclic Triterpenes 

Thus far none of the triterpenes investigated appear to have a mono- 
cyclic or dicyclic structure. Ambrein, C 30 H 52 O, an alcohol isolated 
from ambergris, is believed to be tricyclic. The proposed formula is 
based on the isolation of the same products of oxidative degradation 
from ambrein *•* as are obtained from the diterpene sclarcol (p. 681). 



Tetracyclic Triterpenes 

Several triterpenes appear to be tetracyclic. Among these may be 
mentioned basseol, C 30 H 50 O, an alcohol isolated from shea-nut oil 
(from the seeds of Dassia parkii ), and elemadienolic and elemadienonic 
acids, C 3 oH< 8 0 3 and C 30 H 46 O 3 , obtained from Manila elemi, the resin 
from Canarium commune. The structures of all these compounds still 
are uncertain. Basseol on cyclization with formic acid yields 0 -amyrin 
(p. G 93 ) and hence is closely related in structure to the pentacyclic tri- 

140 Harvey, Heilbron. and Kamm. J. Chem. Soc.. 3136 (1926). 

mi Lederer, Mercicr. and P4rot. Bull. toe. chim. France. (6j 14. 345 (1947). 
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terpenes. 362 The acids derived from elemi do not cyclize. 363 It is of 
interest that lanosterol and agnosterol, first isolated from wool fat and 
associated with cholesterol, have been shown to be not sterols, but tri- 
terpenes apparently related to the elemi acids. 364 


Pentacyclic Triterpenes 


Members of this group of compounds are distributed widely in the 
plant kingdom and may occur in all parts of the plant, either free or 
combined with sugars. The glycosides constitute one group of the 
saponins, and the aglycones formed on hydrolysis frequently are called 
triterpene sapogenins. Some of the more fully investigated compounds 
are listed with their molecular formulas and sources in Table I. 

The pentacyclic triterpenes usually are alcohols or hydroxy acids, 
and contain one unreactive carbon-carbon double bond. One of the most 
important developments in the study of their structure has been the 
relating of a large number of the members of this group to each other. 
The most common procedure has been the conversion of a carboxyl 
group to a methyl group by the series of reactions shown. Other 


RCOOH 


SOCI, 


> RCOC1 


Catalytic reduction 

(RoAcnmund 

reduction) 


RCHO 


HtNNH, + C,H»ONa 

(Wolff-Kiahnor * 
reduction) 


RCH, (+ RCH a OH) 


common reactions such as the conversion of a carbonyl group to a 
methylene group by the Clemmensen reduction using amalgamated 
zinc and hydrochloric acid, catalytic reduction, and dehydration also 
have been employed. By this process the pentacyclic triterpenes have 
been divided into three groups: ( 1 ) those related to o-amyrin, (2) those 
related to 0-amyrin, and (3) those related to lupeol. Within each 
group, the members appear to have the same carbon skeleton, the same 
positions of the double bond, and the same stereochemical configuration 
of the asymmetric carbon atoms. Hence the reactions of each member 
of a given group of compounds have a bearing on the structure of all 
the members of the group. 

Most is known about the famyrin group, and it is the only group 
considered here in detail. Some of the interconversions that have been 

!" i??/ 0011 ' HeUbron - Spring, J. Chan. Soc.. 989 (1937). 

,4, .S’SS “ d ^ 544 (I942,: “ d CW Acta, 

CW &e -' 1562 (,936): IWI “- Rey ' “ d “«*• eta. 
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TABLE I 

Molecular Formulas and Sources of Some Pentactclic Triterpenes 


Name 

Molecular 

Formula 

a-Amyrin 

CaoHsoO 

d-Amyrin 

C m H»0 

Betulin 

C m H m 0 2 

a-BoswcIlic acid 

C3oH 4i O, 

d-Boswellic acid 

c„h w o 3 

Brein 

CjoHjoOj 

Kehinocystic acid 

c m h«o 4 

Erythrodiol 

CjoHmOj 

Germanicol 

CmHsoO 

Glycyrrhetic acid 

Cjo H 4t 0 4 

Gypsogonin 

c»h«o 4 

Hederagenin 

C M Ha0 4 

Lu(>eol 

CjoHwO 

Maniladiol 

C'joHsoOj 

Morolic acid 

c»h 48 o, 

Oleanolic acid 

CwHaO, 


Quilluic acid 

C*H« 0, 

Quinovic acid 

CjoHuOs 

Siarcsinolic acid 

C3oH«»4 

Sumarcsinolic acid CjoH 4 »0 4 

Ursolic acid 

CaolUO, 

Uvaol 

CmIIsoO, 


Source 

Manila elemi resin ( Canarium commune ) and in the 
resin and latex of many other plants; shea-nut oil 
(Butyrospermum parkii or fiassia parkii) 
Accompanies o-amyrin 
White pigment of birch bark ( Belula alba) 

As acetate in olibanum (incense resin) 

Accompanies a-boswellic acid 
Manila elemi 

As saponin inCaliforniamanroot(^cAi»iocj/a(is/ufcacM) 
As monostearate in fruit of coca bush (Erythroxyhii 
notogranalente) 

Resin of Lactucarium germanicum 
As saponin in licorice root ( Glycyrrhiza glabra) 

As saponin in white soaproot ( Gypsophila species) and 
in fuller's herb (Saponaria officinalis) 

As saponin in ivy leaves ( Hedera helix), soap nuts 
(Sapindus species), leaves of Aralia japonica and of 
Kalopanax ricinifolium 

Frequently associated with the amyrins, e g., in break 
(Gutta-percha-like material from Alsloma cotlulala) 
and shea-nut oil 
Manila elemi 

As saponin in heartwood of Mora excelsa 
As saponin in guaiac bark, sugar beet, calendula 
flowers, and leaves of Aralia japonica and of l'anax 
japonicum 

Free in olive leaves, clove buds, mistletoe leaves, 
and grape skins 
As saponin in quillaia bark 
As glycoside in Cinchona s|>ecics 
Siam gum benroin 
Sumatra gum benroin 

Widely distributed in the waxlike coatings of leaves 
and fruits, e g., apple, cherry, bearberry, and cran¬ 
berry 

Accompanies ursolic acid in bearberry wax 


carried out are outlined in Fig. 1. German.col “ and ra °™ ' c “ c,d 
also belong to the fi-amyrin group, but the double bond is bel, ^ v ^ , ° " 
in a different position. It can be seen that, if the structure £ oIea "0 
acid can be determined,-the structure of most of the other rompoun 
in Fig. 1 also will be known. 

’«•* David, Bull. soc. Chim. France |5j 16. 155 <l949 '- 

Barton and Brooks. J. Am. Chem. Soc.. 72, 3314 (1950). 



C«Hi,(CHOH)(CO)(COOH) j g|j 
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To date the most satisfactory structure for oleanolic acid is one based 
on a hydrogenated picene nucleus. The assignment of the carbon 



Oleanolic acid 


skeleton is based primarily on the isoprene rule and on the structure of 
the aromatic hydrocarbons formed on dehydrogenation with selenium, 364 
or with palladium on charcoal m at relatively high temperatures (320- 
350°), and isolated in poor yield. Some of the products identified and 
their supposed relation to the oleanolic acid molecule are indicated. 




1 



and 



, 2,S-Trim«thyl'4*hydroxynaph*hal*n« l A 7-lY,mctny.napn^.™ 

- Ruiicka. BrEingger, El „ E— 
m Kuzicka. Hosli. and Ehmann. ibid.. 17. 442 (1934). 
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benzene and of 1,2,5,6-tetraraethyInaphthalene is believed to arise by 
migration of one of the gem~d \methyl groups from C-l to 02 during 
dehydration of the molecule. In all cases the structures of the aromatic 
compounds have been proved by comparison with synthetic compounds. 

The main features of ring A and the 07 portion of ring B have been 
proved by oxidative degradation of hederagenin. Hederagenin contains 
a carboxyl group, one primary hydroxyl group, and one secondary hy¬ 
droxyl group. Since hederagenin has been related to oleanolic acid 
through gypsogenin in such a way that the secondary hydroxyl and 
carboxyl groups remain intact (Fig. 1), the positions of these groups are 
the same in both hederagenin and oleanolic acid. Hederagenin differs 
from oleanolic acid only in that a CH 2 OH group replaces one of the 
methyl groups. 

When thionyl chloride reacts with hederagenin, a cyclic sulfite of the 
acid chloride is formed. Hederagenin also readily forms an acetonyl 
derivative. These observations indicate that the two hydroxyl groups 
are 1,2 or 1,3 with respect to each other, permitting the formation of 
five- or six-membered rings. 

When the methyl ester of hederagenin is oxidized with chromium tri¬ 
oxide in glacial acetic acid, carbon dioxide is evolved, and a neutral 
ketone is formed together with a keto acid, each with one less carbon 
atom than the original ester.** 7 These results can be reconciled with 



1 



m Jacobe, J. Biol. CW. 63, Ml (1926); Jacob* 



and Guatua, ibid., 69, Ml (1926). 
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the proposed formula for oleanolic acid only if the hydroxymethyl group 
occupies the 1-position. Oxidation then gives rise to a 0-keto acid 
which loses carbon dioxide. 

Similar oxidations have been made on the bromolactone of heder- 
agenin. When the ketone from the bromolactone is oxidized further, a 
dicarboxylic acid can be isolated which has not lost any carbon atoms. 
Hence C-3 is a methylene group. 56 * The keto acid reacts with potassium 



hypobromite to give a dibasic acid with loss of one carbon atom, indi¬ 
cating that the keto acid is a methyl ketone. More vigorous oxidation 
with chromium trioxide and sulfuric acid in glacial acetic acid solution 
produces three carboxyl groups with loss of two carbon atoms. Hence 
C-6 is tertiary, and C-7 is secondary. 



sss 92 

SSS? TTitsefacts indicate that'he 3XT£ 


m Kitasato, Ada Phytochim. {Japan). 9. 61 (1936). 
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lactone and a bromolactone in which the hydroxyl group at C-2 is not 
involved. 36 * Accordingly, the double bond must be 0,y or y,6 to the 
carboxyl group in order to permit the formation of a five-membered 
ring. It would be possible also for the double bond to be S,€, permitting 



the formation of a six-membered lactone ring. 

The location of the double bond in ring C is based on the results of a 
series of reactions starting with the oxidation of acctyloleanolic acid. 
The oxidation is assumed to take place by hydroxylation of the double 



Acctyloleanolic acid 
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bond, formation of a hydroxy lactone, oxidation to a keto lactone, and 
scission of the C-ring to give a lactone dicarboxylic acid . 370 Several sim¬ 
ple steps convert it into the monomethyl ester of the keto lactone dicar¬ 
boxylic acid . 371 

Pyrolysis of the keto ester gave a ketone, C 14 H 2 20 , and a methyl 
ester, C 15 H 24 O 2 . The ketone was reduced to the hydrocarbon, which 
gave 1,6-dimethylnaphthalene on dehydrogenation with selenium. The 
ester was saponified to the acid, which gave 2,7-dimethylnaphthalene on 
dehydrogenation . 372 



The a-amyrin group is closely related to the 0 -amynn group. Ihus 
far the number of compounds assigned to this group is small. Ursolic 
acid 1,1 and 0 -boswellic acid,”* on conversion of carboxyl to mcttiy , 
give a-amyrin, just as oleanolic acid and a-boswcllic acid give ( 3 -amynn. 

»>o R U zicka and Hofmann. Hdv. Chim. Ada. 1». 114 (1936). 

i’ll HE K: 'SZStZSS**—' • 

ibid.. 33, 937 (1950). 

* T * Goodson. J. Chem. Soc.. 999 (1938). 

v* Ruzicka and Wirt. licit. Chim. Acla. 22. 948 (1939). 
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Reduction of the carboxyl group of ursolic acid to a primary alcohol 
gives uvaol. 374 * Reduction of one of the secondary hydroxyl groups of 
brein to a methylene group gives epi-a-amyrin, obtainable from o-arny- 
rin. 3746 

Pyrolysis of an oxidation product of a-amyrin indicates that the 
carbon skeleton differs from that of 0-amyrin in ring E. tn The proposed 



formula for a-amyrin does not readily explain its dehydration to a 
hydrocarbon having two conjugated double bonds.”' 

Lupeol and belulin were the first-known members of the third group 
of pentacyclic triterpenes. Betulin has been converted to lupeol by 
oxidizing its primary alcohol group to an aldehyde group and reducinc 
to a methyl group."' Since this work, amidiol, faradiol, and tarax- 
asterol, which occur together in the dandelion (Taraxacum officinale) 
have been related to this group.”' It has been postulated that the 
condensed nuclear system of this group resembles that of the amyrins 
except that ring E is five-membered rather than six-membered.”» 

It was stated on p. 691 that, within each group of the three classes of 
pentacyclic triterpenes, the carbon skeletons and the configuration of 

rerZT elr T a al ° ms are identical for 8,1 membere ° f th ° group. 
Certafa derivativescommon to the 0-amyrin and lupeol group also have 

been obtained which prove that the carbon skeletons and configurations 

rings .d, B, C, and D are identical for these two groups."*- Moreover 

at least nngs A and B are identical for the a-amyrin group also ”' 

~ 39 <->• 
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TETRATERPENES 


Most members of the large group of compounds known as carotenoids 
may be classed as tetraterpenes. They constitute the widely distributed 
yellow to red fat-soluble pigments of plants and animals. Most of the 
carotenoids found in animals are identical with the plant carotenoids 
and enter the animal with its food. The few carotenoids that are 
peculiar to animals may be derived from the plant pigments. The 
tetraterpenc carotenoids are highly unsaturated acyclic, monocyclic, 
or bicyclic hydrocarbons or oxygenated compounds. The oxygenated 
compounds may contain one or more hydroxyl or methoxyl groups, one 
or more carbonyl groups, lx>th hydroxyl and carbonyl groups, and both 
three-membored and five-membered cyclic oxide structures. 


Usually several pigments occur together. Because of the small 
amounts present and the close similarities in structure, the isolation 
and purification of individual carotenoids by the usual crystallization 
procedures has been difficult. In the isolation from plants the mixed 
pigments are extracted from the .lried and ground material with a fat 
solvent such as petroleum ether. A partial separation of the hydro¬ 
carbons from the oxygenated compounds may be made by the partition 
method. Esters usually are first saponified and the mixed carotenoids 
distributed between two immiscible solvents such as petroleum ether 
and 70-90% methyl alcohol. The hydrocarlxms concentrate in the 
upper petroleum ether layer (epiphasic), and the compounds having 
two or more hydroxyl groups concentrate in the lower aqueous layer 
(hypophasic). If esters of the alcohols arc not first saponified, they are 
epiphasic. Monohydroxy compounds are epiphasic to 85% methyl 

alcohol but hypophasic to 95% methyl alcohol. 

The really difficult isolations involve the separation of isomeric 
hydrocarbons or of isomeric alcohols from each other. The rapid de¬ 
velopment of the chemistry of the carotenoids began " ,th ,lie l, " e ° 
adsorption methods which depend on differences >n ^sorbab. ty on 
solid adsorlients. In the usual procedure a tube .a '>^ kcd ^ 

adsorbent, and a solution of the pigments m petroleum e her s a m o, 

W mere ton to petroleum ether but l» *. »« W—* 
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This competition of solvent and pigment for the adsorbent permits 
differences in adsorbability of the different pigments to become apparent. 
The pigments begin to wash through the column at different rates, and 
different-colored bands appear. These bands may be washed suc¬ 
cessively through the column to give different fractions, or the de¬ 
veloping process may be stopped after separation of the bands has taken 
place and the sections of adsorbent have been removed mechanically. 
The pigments in each of the colored bands then are eluted separately 
with a strongly adsorbed solvent such as methyl alcohol. 

Because the method was applied originally to mixtures of colored 
substances, it has become known as chromatographic adsorption, and 
the series of bands is known as a chromatogram. In principle, however, 
the method cau be applied also to mixtures of colorless compounds, and 
numerous techniques have been developed for following the course of 
separation of colorless compounds.* 80 

Although the most generally useful adsorbent in chromatography is 
aluminum oxide, many solids of widely differing adsorbing power have 
found use. Magnesium oxide, calcium oxide, zinc carbonate, and 
powdered sugar are important for the separation of carotenoids. More¬ 
over, a large number of solvents of differing adsorbability are available. 
Because of these factors compounds differing only slightly in structure 
can be separated. Since a few milligrams of material may be adsorbed 
on several grams of adsorbent, small amounts of material can be handled 
readily. 


Acyclic Tetraterpenes 

Lycopene, C 40 H 50 , is the red pigment in the ripe fruit of the tomato 
plant ( Lycopersicum esculenlum) and of the watermelon (Cucumis ci - 
Irvllus) It has been isolated also from the fruits of many other plants 
On catalytic hydrogenation thirteen moles of hydrogen are absorbed to 
give the saturated acyelie hydrocarbon perhydrolycopene, C< 0 H 82 > 
1 erhydrolycopene has been synthesized by uniting two dihydrophytyl 
groups, thus establishing the carbon skeleton.’® It is of interest that 
the arrangement of the isoprene units is reversed at the center of the 

York 

'VUoV 4 Sons. Non. York (1941). " °' Chron >“*°il'»phy." John 

“ 5 mr and Widnwr. Hel.. Ckim. Ada. 11, 751 (192S) 

Knrror. Holfonsloin. Piopor, nnd Wottetoin, ibid.. 14 , 435 (1931). 
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molecule, thus giving a symmetrical carbon skeleton. This arrangement 
is characteristic of the tetraterpenes. 


H fc Pt PBr, 

H(CH*CHCH;C!I-)iCHiC=CHCHiOH -> HiCU|CBC!I^H 3 )«OH -> 

in, in, in, 

Plljtol 

K 

H(CH,CBCH^H,) 4 Br —» 

iH, 


(CH,>,CH(CHs),ClHCH*),CH(CHj)|CU(CHi)«CH(Cll,),CH(CH,),CH(CH:),Cll(Clli), 

iii, in, in, in, in, iH, 


The location of the thirteen double bonds is indicated by the iso¬ 
lation of 16 moles of acetone and the identification of levulinic aldehyde 
from the products of ozonolysis.***" Moreover, approximately four 
moles of acetic acid are formed by oxidation with permanganate, indi¬ 
cating the presence of four =CHC= groups in the molecule.*” 

CH 3 

(CH,) a cicHCH 1 CH J C4=CHCH4=CHCfCHCHicHCiCHCH= 

! | • i I • i I • 

CH| CH, CH* J a 

Lycopene 

( I J I 

2(CHi)jCO 2 0=CHCH,CH,C=O 2[b=CHC=dl 2fO=CH( | >=Ol 

CH, L CH.J L ^ CH,J 

2HOCOCH, 2HOCOCH, 


‘A total synthesis of lycopene has been achieved starling with pscu- 
doionone. 3 ”* 


,3. .084 <19:10,. 

JS. Kugstcr. .nd Tobl.r. MJ.. 33, 1349 <1950,. 
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CH, 

I 


ch. 


(CH,) 2 C=CHCH 2 CH 2 C=CHCH=CHC=0 -f BrCHjC^CH 




7n 

(hand Cu catalyst) 


CH, CH, 

I I 

(CH,) 2 C=CHCH 2 CH 2 C=CHCH=CHCCH 2 C=CH 

I 

OH 


CH, 


JCjIUMgBr 

CH: 

I 


(CU,) 2 C=CHCH 2 CH 2 C=CHCH=CHCCHtC=CMgBr 

O.VlgBr 

Clh Cll* 

JO^CCH|Cll«*CHCIljC*-K) 

CH, CH, CH, 

(CH,) 1 C=CHCH,CH 1 C=CHCH=CHCCH J C*=CCCH,CH= 

I I 

OH OH 


jH^Pd-BaSO, 


J* 


CH; 


CH, CH, 

tCIliliC—CHCH,CH,C=CHCH=CH(X;H jCH=CUCCHiCH 

I I 

OH OH 


[ 


|(^C y HlclS“ 


CH, 

I 


iC«H«SO*H) 

CH, 

I 


CH, 


4 


(CH,) 2 C—CHCH 2 CH 2 0=CHCH=CHO=CHCH=CHC=CHCH 

The synthetic lycopene was separated from the mixture of stereo- 
■somers hy chromatographic adsorption on calcium hydroxide and 
proved to be identical in all physical properties with natural lycopene. 

V lyC ° Pene pr0Ved 10 be homogeneous 

when passed through an adsorption column 

A similar series of reactions has been used for the synthesis of fl-caro- 
t*ne (p. 707) and of dWcarotene (p. 708). The ocZJZe nectary 
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for those syntheses was made in 4% yield by the eondensation of aceto- 
acetic acid with anhydrous glyoxal, followed by decarboxylation and 
reduction 


COOH 

_ _ Pyridine 

2CH3COCH2 + OCHCHO 

Piperidine 


COOH COOH 

IUSO. 

(TI,COC=CHOH=CCOCH, ^—> 


CH,COCH=CHCH=CHCOCH, 


z n 


t Pyridine- 
nrctir acid) 


CH,COCH*CH=CHCHaOOCH, 

A mono- and adi-hydroxylycopeneare known, lycoxanlliin, C^oHssOH, 
and lycoianthophyll, C 4 oHM(OH) 2 . m The structures assigned indicate 
that they bear the same relationship to lycopene that cryptoxantbin 
and zeaxanthin bear to 3-carotene (p. 712).* 

( CH,),C=CHCHCH*C=CHCH-CHCH«CCH,GH,CH=C(CH,) S 


I 

OH OH, 


Oil, 


Lycoianthin 


(CIWjC^CHCHCIIiC—CHCH-CHCH—CC'H,C'HCH«*C(CH,)» 

OH CH, CH, OH 

l.yrountbophyll 

*** Knrrer. KuR-lor. and I'crl. 32. 1013 (1949); Karrcr and Eu^ter. 32. I'M 

(1940). 

»"* Zechn.ei-ter and Cholnoky. Her.. 69. 422 (1936). 

• The structure of the central 20 carbon atoms of all but one of the tetrnterpcr.es 

identical with the central portion of lycopene, namely. 

=CHC=CHCH=C!iC=CHCH=CHCH=CCH=CHCH=CCH= 


CH, 


I 

Cl I, 


I 

CH, 


I 

CH, 


SMaSESSVSSrSKs 

Ivcopenc can be written 

,CHihO=CHCHjCH:0=CHCH-CHCH=CCH,C..,CH=C<CH,>, 

CH. CH * 
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Monocyclic and Bicyclic Tetraterpenes 

Hydrocarbons. The tetraterpenes that have been of greatest interest 
are the carotenes, because they are converted by the animal organism 
into vitamin A 1 . The name carotene was applied to the yellow pigment 
of the carrot, Daucus carota, from which this pigment was first isolated 
in 1831. It was assigned the formula of a hydrocarbon, CsHg, in 1847. 
Between 1885 and 1887 it was isolated from green leaves and assigned 
the formula C 2 flH38. In 1907 the correct formula, C 40 H 50 * "'as de¬ 
termined. 386 


The application of the methods of chromatographic adsorption has 
shown that the early carotene was a mixture of isomers. Six carotenes 
have been identified so far and have been named a, 0, 7 , 6, «, and f. 
The last three have been characterized chiefly by their absorption 
spectra and relative adsorbability . 887 The structures of only the first 
three are known. The total and relative amounts of a-, 0-, and 7 -caro- 
tene present in plants vary with the source of the material. Leaves con¬ 
tain approximately one part of carotenes in ten thousand on a dry- 
weight basis. /3-Carotene is the chief component of the mixture, the 
amount of cr-carotene varying from 0 to 35%, depending on the species 
of plant. The amount of 7 -carotene present usually is much less 
than the amount of a-carotene . 888 


0-Carotene on catalytic hydrogenation absorbs eleven moles of hy¬ 
drogen to give the saturated hydrocarbon C 4 oH 78 . 38 » Since the paraffin 
hydrocarbon would have the formula C 40 H 82 , two rings must be present. 
The carotenes oxidize very readily in air in the presence of light to give 
colorless oxidation products. The development of the odor of violets 
on oxidation was observed by several investigators, but no significance 
was attached to it until a pronounced odor was obtained and <*,a-di- 
methylsuccinic acid isolated on oxidation with permanganate ,” 0 indi¬ 
cating that the odor might be due to 0-ionone. Later geronic acid was 
isolated from the products of ozonolysis. Using a purified preparation 
of 0 -carotene, the amount of geronic acid obtained as compared to that 
obtained from /3-cyclocitral corresponded to approximately two fi-ionone 
rings. 00 ' As for lycopene, controlled oxidation with permanganate gives 

WillstatUr and Miog. Ann., 355, 1 (1907). 

Mackinnoy. J. Btol. Chem., Ill, 75 (1935). 

Zochmeister. Cholnoky. and Vrab41y. Ber.. 66. 123 (1933) 
n ^ CMm. Ada. 12, 1142 (1929). 

<1930,: K " d Mot| 
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approximately four moles of acetic acid, indicating four =CH—C= 

I 

CHt 

groups. Since pure ^-carotene is optically inactive, no atomic or mo¬ 
lecular asymmetry is present. Comparison with the formula for ly- 


CH, CH, 

\ / 

C 

H,C C—CH=CIIC=CHCH=CHC=CHCII= 


I II 

H,C C—CH, 

\ / 

C 

II, 


I 

CH, 


I 

CH, 


tf-Carot*De 


CH, CH, 

\ / 

C 

/ \ 

II,C C—CH=CHC=0 

2 | II I 

H,C C—CH, CH, 

\ / 

C 

II, 

0-Iononc 

I 

CH, CH, 

\ / 

C 

/ \ 

H,C COOH 

0 

II 

H,C O-CH, 

\ / 
c 

II, 

Gcronic acid 


+ 2HOOCCO 

CH; 


2HOOCCO 

I 

CH, 


2HOOCCH, 2HOOCCH, 


copene shows tlmt structurally 0-carotene is a 
Moreover, if the molecule is divided into halves 


bicyclized lycopene, 
and the two central 
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raethylidyne groups are converted into hydroxymethyl groups, two 
molecules of vitamin A (p. 674) result. 

Stepwise oxidations have amply confirmed the above structure for 
0-carotene. Moreover, in the conversion of vitamin A into anhydro- 
vitamin A by the action of sodium iodide on the p-toluenesulfonate, a 
small amount of material apparently identical with 0-carotcne has been 
isolated. 3 * Finally a total synthesis of 0-carotene has been effected by 
a procedure analogous to that discussed previously (p. 703) for the syn¬ 
thesis of lycopene, in which the pseudoionone is replaced by 0-ionone as 
the starting point. 3 *® 

0-Carotene has vitamin A activity and is classed as a provitamin A. 
Apparently, the animal organism is capable of cleaving 0-carotene at 
the center of the molecule, producing two molecules of vitamin A. At 
one time it was believed that 0-carotene is equivalent in physiological 
activity to vitamin A on a weight basis. The most that can be said at 
present is that under certain conditions one mole of 0-carotene is equiva¬ 
lent to more than one mole of vitamin A. 3 * 3 The Subcommittee on 
Fat-Soluble Vitamins of the World Health Organization, however, 
considers 0.6 ng. of 0-carotene to be equivalent to 0.3 ng. of vitamin A 
alcohol. 3 * 4 

In 1931 it was demonstrated that some samples of carotene arc opti¬ 
cally active, the activity varying with the source. Because solutions of 
carotene are red, the red line of the cadmium lamp, X = 643.8 in n, was 
used as a light source. The presence of optical activity led to an in¬ 
vestigation of the homogeneity of the active carotenes by adsorption 
on alumina and resulted in the isolation of a less strongly adsorbed 
component, (a)J^ = +380°, called a-carotene, and the more strongly 
adsorbed optically inactive component, 0-carotene. 3 * 5 

Ozonolysis of a-carotene gives both geronic acid and isogeronic acid, 
indicating that one ring has the 0-ionone structure as in 0-carotene and 
that the other has the a-ionone structure. 3 " Natural a-ionone is dextro¬ 
rotatory and yields isogeronic acid on oxidation. As with 0-carotene, 
products isolated from the stepwise oxidation of a-carotene have sub¬ 
stantiated the proposed structure, and the racemic form of a-carotene 


aa SchWyMr * CW ^ "• 1055 (,948): cf - Mouni * r - *”"*• 

^ arrer “ d Eussfcr. IW*. Chim. Ada. 33, 1172 (1950). 

Hickman, Ann. Rn. Biochem.. 12. 358 (1943). 

JSS—- ° n F * t ‘ SO,Ubl * ViUmiM ’ Chr0nuU °' Or^iuUion. 3. 

••• Karrer, Morf. and Walter, lid,. Chim. Ada, IS. 975 (1033). 
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Ceronic acid 


CH, CHa 

\ / 
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/ \ 

HaC CHa 

I I 

C=0 CHa 

/ / 

HaC O—C 

L 

I v>Rcromr acid 


has been synthesized in very small yield by a procedure analogous to 
,hat used for the synthesis of lycopene (p. 703) in which the pseudotononc 
U renluccd bv a mixture of a- and d-ionone. 396- 

The vitamin A activity of a-carotenc is less than that o^d-carote ^ 
As the formula indicates, only half of the -carotene molecule has 

Vi rJd«-™nd Carotene, a third isomer that is more strongly ad- 

ii*. Knrrer ami Kuiptcr. iW.. 33, 1052 (1050). 
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sorbed on alumina than 0 -carotene has been isolated and named y-caro¬ 
tene. It absorbs twelve moles of hydrogen and hence is a monocyclic 
tetraterpene. It yields 0.85 mole of acetone on ozonolysis and is opti¬ 
cally inactive. Its other physical properties are intermediate between 
those of 0-carotene and lycopene.** 7 On this basis a structure has been 
assigned in which one half of the molecule is like one half of the 0-caro- 
tene molecule, and the other half is like one half of the lycopene molecule. 
7 -Carotene exhibits vitamin A activity. 


CH 3 CH, 

V 
/ \ 

h 5 c chch — 

I II 

H,C C 

\ / \ 
c ch 3 

I 

H, 


— .CHCH=CCHjCH2CH=C(CII 3 )2 

I 

ch 3 

y-Caroteo* 


In general the concentration of 7 -carotene is low. For example, it 
makes up only 0.1% of the pigment of the carrot. The source richest in 
y-carotene is the marsh dodder, Cuscu/a salina, a parasitic plant that 
is almost devoid of chlorophyll.”* From 1 kg. of the fresh plant there 
has been obtained approximately 0.6 mg. of a-carotcne, 5 mg. of lyco¬ 
pene, 12 mg. of 0-carotene, and 22 mg. of 7 -carotene. 

Light Absorption. The carotenoids are yellow to red pigments. The 
determination of the absorption of these substances in the visible region 
of the spectrum has played an important part in the discovery of new 
pigments, in the identification and estimation of known pigments, and 
in the determination of constitution. 


The absorption of light in the ultraviolet and the visible regions of 
the spectrum is caused by the transition of an electron from one orbital 
to another of higher energy.’”- Where only single bonds are present, as 
in a saturated hydrocarbon, the energy difference between an electron in 
the ground state and one in the next higher orbital is of the order of 
, kcal. per mole. Hence absorption of light takes place only in the 
far ultraviolet m the region of 130 m„. If a carbon-carbon double bond 
is present, the next higher orbital differs from the ground state by around 
160 kcal., and the longest wave absorption corresponds to about 175 m„. 

J Cuhn and Brockmann. Ber., 66. 407 (1933). 

Mackinney, J. Biol. Chem., 112. 421 (1935). 

For » detailed diacueaion ot thi, topic ee, Chapter 2. Vol. III, of thia TreotUe. 
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As long as double bonds are isolated, each double bond acts separately, 
and increasing the number of double bonds merely increases the proba¬ 
bility that light of X = 175 mp will be absorbed; that is, only the in¬ 
tensity of the absorption is increased. If two double bonds are conju¬ 
gated, however, two additional orbitals of higher energy are possible. 
By the absorption of light of the proper wavelength an electron can be 
promoted from cither orbital of the ground state to either of the two 
orbitals of higher energy, giving rise to four bands. The transition 
requiring the least energy and hence producing the band of longest 
wavelength is that in which an electron is promoted from the highest 
orbital of the ground state to the orbital of next higher energy. The 
energy required for this transition is 130 keal., and the corresponding 
absorption band is at 220 m ji. This band is the first that can be observed 
conveniently since air does not transmit light sufficiently well below 
200 m/i. 

As the number of double bonds in conjugation increases, the number 
of bands increases. Moreover, the difference between the highest energy 
level of the ground state and the next higher state decreases, and the 
longest wavelength absorption moves to the red. By the time five or six 
double bonds are conjugated, absorption begins to take place in the 
visible region of the spectrum, and the compound is colored to the eye. 
The increase in wavelength is not directly proportional to the number 
of double bonds, n, but becomes less and less. It has been shown that 
X= mM - an, where a is a constant for the particular scries of com¬ 
pounds. 399 

Since X mM is influenced to some extent by the nature of the groups 
replacing hydrogen in the conjugated system as well as by the number 
of conjugated double bonds, it will differ even for compounds having the 
same number of conjugated double bonds. This point is illustrated by 
Hie positions of the maxima for /3- and y-carotene and lycopene listed in 
Table II. 400 Some empirical rules have been developed for calculating 


TABLE II 


Absorption Maxima or Tetratf.rfene Hydrocarbons 


a-Caroteue 

0-Carotene 

-Carotene 

Lycopene 


X DU in Petroleum Ether 


478 

447 

485 

452 

494 

462 

506 

474 


420 

424 

432 

444 


.. Bowen. «CP*. ~ <«- -W. !«*-). *>• •* = 

Application o, Absorption Spec.-. to «h. Stody oT ViUoun, Ho,™-. 

ood Co.n«—' P Ad-n Hil*r. (IMS). Cb-t V. P- «• 
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the position of the maxima from the structures of symmetrically consti¬ 
tuted molecules. 401 

Isomerization. 402 The doubly bonded carbon atoms in the carotenoids 
are for the most part so substituted that a large number of cis-trans iso¬ 
mers should exist. The number of possible isomers may be less, how¬ 
ever, because spatial considerations appear to limit the possibility of cis 
configurations to those exocyclic double bonds the carbon atoms of 
which are each joined to a methylidync (Oil) group. Thus in 0-curolenc 
only the second, fourth, fifth, sixth, and eighth double bond of the 
acyclic portion would be expected to be capable of assuming the cis 
configuration. The naturally occurring carotenoids are predominantly 
all-frarw. However, the all-frans forms isomerizc readily in solution to 
give mixtures, which increases the difficulty of separation of pure com¬ 
pounds. 0-Carotcne, for example, which is all-fraas, is fairly stable in 
petroleum ether at 0° and gives a homogeneous chromutogram. When 
a dilute solution in petroleum ether is refluxed at 60-70° for 1 hour, an 
equilibrium mixture is obtained in which the ratio of all-fra/if-£-curotcnc: 
neo-0-carotene B: neo-0-carotene U:neo-0-carotene E: labile isomer is 
86:8:4:1:1. 

The isomerization is catalyzed by reagents that bring about cis-lrans 
isomerism. In many cases the carotenoids are especially sensitive to 
acids, and even slightly acidic adsorbents must be avoided. 

Oxygenated Compounds. The group name Tanlltophylls has been 
applied to these compounds, and the names of members of this group 
usually have the ending xanthin. Hydroxyl derivatives of acyclic 
lycopene already have been mentioned, and mono- and bi-cyclic com¬ 
pounds are rather abundant. Structures have been assigned on the 
basis of degradation reactions, absorption spectra, and vitamin A 
activity. A few representative examples are considered here. 

Zeaxanthin, CioHstOi, is the chief pigment of yellow corn (Zca mays) 
and is present in varying amounts in the pigment of egg yolk. Physalien, 
the pigment of the sepals of Physalis and of various parts of many other 
plants, is the dipalmitate of zeaxanthin and constitutes the best source. 

The presence of two hydroxyl groups was shown by a Zerewitinoff 
determination. 40 * Oxidation with permanganate yields <*,a-dimethyl- 
succinic acid but no a,a-diraethylglutaric acid. Catalytic hydrogenation 
indicates eleven double bonds, and the absorption spectrum closely 
resembles that of 0-carotene, but zeaxanthin is entirely devoid of vitamin 
A activity. Although it contains two asymmetric carbon atoms, several 
investigators have reported their preparations to be optically inactive. 

401 Kuhn and Grundmann, Ber., 70, 1323 (1937). 

401 Zochmeister, Chem. Rcta., 34, 267 (1944). 

Karrer. Helfenat^in. and Wehrli. Hd,. Chim. Act*, 13. 87. 268 (1930). 
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It appears, however, that for zeaxanthin [a\c*i = —50° =fc 10° and 
that the inactive preparations contain a strongly dextrorotatory isomer, 
ncoxanthin A. 4 ® 1 
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Cryptozanthin, C 40 H 56 0, is found free and esterified in yellow corn, 
physalis sepals, and paprika and is the main pigment of the mandarin 
orange. It contains one hydroxyl group and is adsorbed more strongly 
than 0-carotene but less strongly than zeaxanthin. Cryptoxanthin ex¬ 
hibits vitamin A activity, and its absorption spectrum in the visible is 
indistinguishable from that of 0-carotene. From these observations it 
is considered to be a monohydroxy-0-carotene. 4OS 
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«o* Kuhn and Grumlmann. Brr.. 66, 1/40 (I ••»•*>. 
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Lutein (. xanthophyll), C 40 H 5 GO 2 , is widely distributed in green and 
yellow leaves and many yellow flowers. Together with zcaxanthin it 
makes up the pigment of egg yolk, and the name lutein at one time was 
applied to the mixture. Either lutein or zeaxanthin may predominate 
in egg yolk, depending on the food eaten by the hens. 

Lutein exhibits the same chemical properties as zeaxanthin. It was 
separated from zeaxanthin by adsorption on calcium carbonate, is 
optically active, (a)c® — +165°, and exhibits the same light absorption 
as a-carotene. Accordingly, it has been assigned the structure of a 
dihydroxy-a-carotene . 406 
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Rubixanthin, C 40 H 5 eO, is present in rose hips. It contains one hy¬ 
droxyl group and absorbs twelve moles of hydrogen on catalytic hydro¬ 
genation. Ozonolysis yields acetone, and the absorption spectrum is 
like that of y-carotene. It is assigned the structure of a hydroxy-y-caro- 
tene. The preparations investigated showed no optical activity within 
the experimental error . 407 
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Rhodoxanthin, C. 0 H S 0 O 2 , is of interest as an example of ketonic 
earoteno'ds. It first was isolated in a pure state from the red berries 
of the Irish yew (Tains baccata). It forms a dioxime, indicating the 

“ 5"™ r - z "^ “ d Morf . ««<■• CUim. AcU>. 16. 977 (1933). 

Kuhn and Grundmann, Bcr., 67, 339. 1133 (1934). 
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presence of two carbonyl groups, and on catalytic hydrogenation absorbs 
twelve moles of hydrogen rapidly and two additional moles more slowly. 
The long wavelength at which light is absorbed (524-189-458 mu in pe¬ 
troleum ether) indicates that the twelve double bonds and the two car¬ 
bonyl groups are conjugated. 4 ®* 


CH 3 CH 3 

\ / 

C 

U 2 C N ^C=CHCII=CCH=CHC1I=CCH=CH- 

III I 

0=C C—CH, CH 3 CH 3 
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C 
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J2 


RhodnxantliiB 


In contrast to the other carotenoids rhodoxanthin has a single bond 
at the center of the molecule instead of a double bond. Reduction with 
zinc dust gives u dihydro compound which still forms a dioxime but has 
the same light-absorbing properties as zeaxunthin. Hence the reduction 
has taken place at the ends of the conjugated carbon chain, and con¬ 
jugation with the carbonyl groups has been broken. 


CH, CH, 

\ / 

C 

U,C / \-CH=CHC=CHCH=CHC-CHCH. 

I II I I 

0=C C CH, CH, 

\ / \ 

C CH, 

H, 

Dihydrorhodoxanthio 


J 2 


One of the more recent developments in the field of the carotenoids 
is the discovery that many of the naturally occurring xanthophylls are 
I 2- or 1,4 -epoxidet. A monoxide of d-carotene was prepared syntheti- 
callv in 1932 by the action of perbenzoic acid on d-carotene. mis 
:2e find was ^believed to be the mono-l.^poxide oi 
it was shown later to be a 1,4-epox.de (furanoid ox.de) [he 1,^ 
oxides are very sensitive to acids, and rearrangement to the l,4-opoxi<lc 

Kuhn an«l Brockmann. **" - **• 8 ?. (193 . 3 ’' nft32 ) 

m Luler. Karrcr. and Walker, Hd*. Chxm. Ada. 15. 150. (1932). 

Korrer and Jucker. ibid.. 28. 427 (1945). 
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occurs readily. At the same time a small amount of the original caro¬ 
tenoid is regenerated. 
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The 1,4-epoxide first was called midalochroine, but in 1947 it was 
shown to be identical with cilroxanlhin «» which had been isolated in 
1944 from orange rinds. 412 

The 1,2-epoxides are prepared best by the action of monoperphthalic 
acid on the carotenoids It appears that only the double bond in the 
or 5 ,6 -position of the carotenoid skeleton is attacked. Thus 

411 Kamjr and Juckcr, ibid., SO, 536 (1947). 

4U Karrcr and Juckor, ibid., 27, 1695 (1944). 
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0-carotene forms both a monoepoxide and a diepoxide, but a-carotene 
gives only a monoepoxide. Even traces of hydrochloric acid such as 
may be present in ordinary chloroform will cause rearrangement to 
the 1,4-epoxide. 

Numerous 1,2- and 1,4-epoxides have been synthesized or isolated 
from natural sources. Of those which have been obtained both by 
synthesis and from a natural source may be mentioned a-carotene 
mono-1,2-epoxide, which has been obtained by the oxidation of a-caro- 
tene 4,1 and from the flowers of Ranunculus acer and other plants. 414 
It is reported to have vitamin A activity. Isomerization with acid 
gives the 1,4-epoxide, flatochrom, which accompanies the 1,2-epoxide 
in flowers. Similarly, zeaxanthin di- 1,2-epoxide has been identified 
with violaxanthin, 41 * previously isolated from yellow pansies (Viola 
tricolor)* 1 * It is isomerized to auroianthin , m which also occurs in 
pansy flowers. 417 


Products Apparently Derived from Tetraterpenes 

It has been emphasized that the terpenes are built up of isoprcnc 
units of five carbon atoms each. Yet. naturally occurring compounds 
are known whose carbon skeletons without question are related to the 
terpenes but which do not contain an even multiple of isoprene units. 


Cll, CM i 

V 

\\ j / C-CII-CH-CII 

n-i i c 


V 

Hi 


\ 


Cll, C 

ToniUrlKxlin 


d. 




coon 

Cll 


c 

n 


Cll, Cll. 

v 

/ \ «CII=CHC »CHCII 


: jc 


ill. 


V 

Hi 


CIIC=CHCH 

in, 


A.afria 


CIICH«*CCH«--CIICooH 

ill, 


CH,OOCC.I=CHC=CHCH =CHC=CHCH=CHCH=CCII^CHCH=CCM -CHCOOI. 

U U CH, i... 

Bmn 

*'» Karrcr and Juckcr. iWc/.. 28. 471 (1M5>. , 

«u Karrer. Juckcr. Rutacl.mann. and Stainlm. »W.. 28. IMG (I. 451. 
m Karrcr and Juckcr. ibvl.. 28. 300 (1945). 

*<• Kuhn and \Vinter»tcin. Btr.. 64. 326 f 931). 

Karrcr and Kutachmann. /Mr. Chtm. Ada. 25. I>.24 (I J4-). 
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Among these may be mentioned torularhodin from red yeast ( Torula 
rubra ), 415 C 37 H. 18 O 2 ; azafrin from azafran ( Escobedia ), m C 27 H 38 O 4 ; and 
bixin,*** a monomethyl ester of the dibasic acid, C 24 H 28 O 4 , from annatto 
(Bixa orellana). From the proposed structures for these compounds 
it appears likely that they are derived from tetraterpenes by degradation. 

Because of the number of carbon atoms in the molecules, crocelin, 4 - 1 
C 20 H 24 O 4 , from the autumn crocus ( Crocus salivus), and 0-citraurin, 
C 30 H 40 O 2 , the pigment of the orange , 422 might be thought to belong to 
the diterpencs and triterpenes, respectively. However, their structures 
contain a point of inversion of the arrangement of the isoprenc units, 
and hence these compounds more likely are degradation products of 
tetraterpenes. /3-Citraurin has been produced experimentally by the 
oxidation of zeaxanthin acetate. 42 * 


nOOCC=CHCH-=CaC=CUCH=CHCH^-CCH=CHCH=CCOOH 

cr, in* in, tnj 

Crocetin 


CHj CH, 
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/ \ 

H«C C-CH_CHC=CHCH CHC--CIICH^CHCH -CCH«CIICH-*CCHO 

iio >i N r u u i„, 4 

S, CH * 

5-Citrmurin 


Hj 


POLYTERPENES 

Two polymeric tcrpenes of technical importance have been investi¬ 
gated extensively. One is the hydrocarbon of rubber, and the other is 
the hydrocarbon of gutta-percha and balata. 


Rubber 


Rubber is distributed widely in the plant kingdom, usually as a milky 
colloidal emulsion known as latex that is present in latex cells. How¬ 
ever, in the guayule, rubber occurs as solid particles distributed through¬ 
out the plant. Practically all commercial rubber is produced from the 
latex of the rubber tree Hevea brariliensis, and about 99 % is produced 


4,1 Karrcr and Rutschraann. ibid., 29, 355 (1946). 

4,9 Kuhn and Dcutach. Ber., 6$, 8S3 (1933). 

4,0 Kuhn and WinU*rsloin, Ber.. 66, 646 ,1873 (1932) 

|£ MW. ^ MO ' f ' StOU ' “ d T * k ‘ b “ W ' <**■ ». .2.8 

“ Zochmciatcr and Cholnoky, Ann., 630, 291 (1937). 

Karrer. ROegger. and Sotmssen. Helv. Chim. Ada, 31. 448 (1938). 
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on plantations. Although much effort has been expended in attempts 
to produce rubber on a large scale from golden rod, dandelion, crypto- 
stegia, and guayule, none of these sources has been able to supply more 
than a few per cent of rubber production. 

The composition of rubber varies widely with the source, but the 
useful constituent is rubber hydrocarbon, which makes up about 90% 
of plantation rubber. The composition of rubber hydrocarbon was 
established as C 5 II 8 by Faraday in 1826. 424 The molecular weight of 
the fraction soluble in benzene has been estimated by osmotic-pressure 
measurements on solutions to be between 270,000 and 300,000, corre¬ 
sponding to 4000-4500 C 5 H 8 units. 415 

The first clue concerning the structure of the rubber molecule was the 
isolation from the products of destructive distillation of rubber of a 
hydrocarbon having the molecular formula C 5 H 8 , which was named 
isoprene. 424 The maximum yield of isoprene so far obtained, however, 
is about 23%. 427 The fact that isoprene can be converted into rubberlike 
products 424 4:8 led to the view that rubber is a polymerization product 
of isoprene. 

Rubber is unsaturated and adds one mole of hydrogen catalytically, 429 
one mole of bromine, 430 one mole of iodine monochloridc, 431 and one 
mole of hydrogen chloride 432 for each five carbon atoms in the molecule, 
indicating the presence of one double bond for each CsIIg unit. The 
location of the double bonds in the chain is indicated by the isolation 
from the products of ozonolysis of levulinic aldehyde and levulinic 
acid. 433 A painstaking quantitative investigation of the products of 
ozonolysis accounted for 95% of the carbon content of the rubber mole¬ 
cule, and 90% of the products isolated could be considered as derived 
from levulinic aldehyde. 434 These results leave little doubt that the rub¬ 
ber hydrocarbon is a linear polymer of isoprene having the structure first 
postulated by Pickles. 435 The question of the nature of the end groups 
or the extent of cross linkage of chains has not been answered. In the 

4,1 Faraday, Quart. J. Science. 21, 19 (1826). 

Meyer. Wolff, and Boi.*>onnas. Hel*. Chim. Acta. 23. 430 (1940); cf. Geo. Advances 
in Colloid Set.. 2, 109 (1946). 

«• Williams. Pro:. Rou- Soc. {London), 10, 516 (18G0). 

Bassett and Williams. J. Chem. So:.. 2324 (1932). 

«* Bouchardat. Compi. rend.. 89. 1117 (1879); Tilden. CAem. .Wetci, 46, 120 (1882). 

Pummerer and Burkord. Her.. 65, 3458 (1922); Staudir.gor and Fritschi. Ilelv. Chxm. 
Acta. 6. 785 (1922). 

«« Gladstone and Hibbcrt. J. Chem. Soe.. 53, 083 (1888). 

4,1 Kemp ami Mueller. Ind. Eng. Chem.. Anal. Ed., 6, 52 (1934). 

*» Weber. B,r.. 33. 779 (1900). 

" Harries. Ber.. 37. 2708 (1904). 

414 Pummerer. Ebermnycr. and Gerlach. Ber.. 64, 809 (1931). 

Pickles, J. Chem. Soe.. 97. 1085 (1910). 
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ozonolysis described above, there was obtained from 0.5 to 8% of 
succinic acid, about 2% of acetic acid, and from 1 to 2% of carbon 
dioxide and formic acid. Most of this material may arise from further 

■ ' * 

—CH*oj=CIICH 2 (CH*otCHCH*) z CH*c4=CHCH 2 — 

CH, CH a CHj 

Rubber hydrocarbon 
^ Ozonolysis 

(x + 2) 0=CHCHjCHjC=0 

CHa 

Levulinic aldehyde 


oxidation of levulinic aldehyde, but some of it conceivably may arise 
from end groups and from structures involving an irregular arrangement 
of isoprene units. 

Because there is little if any cross linkage of the chains of rubber 
molecules, it is thermoplastic and becomes soft and sticky on heating. 
When heated with 0.5 to 3% of sulfur, rubber hydrocarbon becomes 
tough and elastic and softens only at relatively high temperatures. 
This process is known as vulcanization and leads to the material com¬ 
monly known as rubber. Despite the enormous amount of work pub¬ 
lished on the subject, the exact nature of the chemical reactions taking 
place during vulcanization is still unknown.*** - It generally is agreed 
that vulcanization is the result of cross linking of the chains by sulfide 
or disulfide bridges. Simultaneously, intramolecular cyclic structures 
may be formed. 

It is of interest that in the absence of accelerators, that is, catalysts, 
vulcanization begins at the same temperature that molten sulfur is 
transformed into amorphous sulfur. Apparently, during the opening 
of the S 8 rings by heat, sulfur free-radicals are formed which attack the 
rubber molecules and lead to cross linking.**** It generally is assumed 
that accelerators permit the formation of free radicals at lower temper¬ 
atures, although the accelerating action of organic amines and zinc oxide 
suggests that ionic mechanisms also may be operative. 

That the double bonds of rubber are involved in vulcanization is 
indicated by the relatively small amount of hydrogen sulfide formed and 
the decrease in unsaturation during vulcanization. When rubber is 


Farmer^ Advance* in Colloid Sci., 2, 299 (1946). 
Meyer, "Natural and Synthetic High Polymers * 
(I960), 2nd ed.. p. 202. 


Interscienoe Publishers, New York 
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vulcanized with sulfur alone, one double bond is saturated for each 
atom of sulfur that is combined. If accelerators are used, from one to 
two atoms of sulfur combine for each double bond that is saturated. 436 
If heating is continued after all the sulfur has combined (overcuring), 
the unsaturation continues to decrease, presumably because of further 
polymerization. 

Formerly it was thought that cross linking resulted from addition 
between chains to two double bonds. More recently, however, it has 
been postulated that a methylene group a to a double bond is the initial 
point of attack and that subsequent addition to a double bond causes 
cross linking. The chief argument for this hypothesis is that it is 
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—CHsC—CHCH. 
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—CHjCHCH—CH; 
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analogous to the autoxidation of unsaturated hydrocarbons. Quantities 
of sulfur between 5 and 25% lead to intractable material which is 
useless. If 25 to 30% of sulfur is used, hard rubber or ebonite is formed. 
Here the maximum amount of cross linking has taken place. The 
calculated amount of sulfur required to saturate the double bonds is 
32%. 

Gutta-percha and Balata 

Gutta-percha and balata arc substances from the latex cells of nu¬ 
merous members of the family Sapotaceae. Gutta-percha is now ob¬ 
tained almost exclusively from the leaves of hybrids of Palagu,urn 
grown on plantations in the Malay States and m the East Indies. 
Balata is similar to gutta-percha but is obtained from Mwiusops globe* , 
which is native to Panama and the northern part of South 

The hydrocarbon of gutta-percha and of balata is identical and has 

m Brown and Hauser. Ind. En t . Chem.. 30. 1291 (1938,; 31. 1225 (1939,. 
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same composition as rubber hydrocarbon. In contrast to rubber, gutta¬ 
percha and balata are tough and horny. They soften to a plastic con¬ 
dition below 100° and are used principally as a covering for submarine 
cable and for golf balls. 

In chemical properties the gutta-percha and balata hydrocarbon re¬ 
sembles rubber hydrocarbon, although the former is somewhat less 
reactive. On catalytic hydrogenation a product is obtained that cannot 
be distinguished from hydrogenated rubber. Accordingly, the two 
hydrocarbons are believed to be stereoisomeric. 437 

Stretched rubber gives an x-ray diffraction pattern like that of crys¬ 
tals, and the identity period is 8.2 A. This distance can be accounted for 
by a cis configuration at the double bonds with a certain amount of 
coiling, the carbon atoms of the chain being non-planar. 438 The view 
that the configuration about the double bonds is trans 4,9 is not con¬ 
sidered reconcilable with the x-ray data. 





UI Davis and Blake. "Chemistry and Technology of Rubbor " 
Corp.. Now York (1937), p. 705. 
m Reference 4356. pp. 188-194. 
u * Staudingcr, Her.. 63. 921 (1930). 


Reinhold Publishing 
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Gutta-percha has been shown to exist in two modifications which have 
been called alpha and beta. The a-form has an identity period of 8.7 A, 
which is exactly that expected for a Irons configuration with all the 
carbon atoms of the chain lying in a plane. The d-modification has an 
identity period of 4.S A, which corresponds to a Irons configuration, but 
with the carbon atoms of the chain being non-planar as for the rubber 
molecules. 440 The fact that rubberlike materials produced so far by the 
polymerization of isoprene are not identical with natural rubber may be 
ascribed partly to the formation of a mixture of cis and trans configura¬ 
tions about the double bonds during the polymerization. 
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INTRODUCTION 

The widespread occurrence of heterocyclic compounds in nature as 
alkaloids, vitamins, pigments, and a variety of plant and animal cell 
constituents; their vital role in biological processes; their availability 
from agricultural wastes and as products volatilized in the coking of 
coal; and their economic value as solvents, dyes, and pharmaceuticals 
are factors which have directed the attention of organic chemists to this 
field since the earliest days of the science. As a result, information has 
accumulated until today heterocyclic chemistry constitutes a major 
branch of organic chemistry, ranking in importance with the aliphatic 
and isocyclic branches. This importance is evidenced not only by the 
volume of accumulated factual information—approximately one-third 
of the pages in Beilstein are required for the heterocvcles—but also by 
current industrial and biochemical developments and, perhaps most of 
all. by the possibilities offered for further development. Among these 
possibilities arc problems of fundamental significance whose further 
study will contribute considerably to the development of the basic 
organic chemistry of the heterocycles. It is the purpose of this dis¬ 
cussion to survey the basic organic chemistry characteristic of hetero¬ 
cyclic compounds. 

Consistent with this purpose, this survey is concerned with the syn¬ 
thesis and reactions of the well-known heterocyclic rings. The amazing 
diversity of reactions leading to hetcrocyclization is an outstanding 
characteristic of the chemistry of hetcrocycles. Another distinguishing 
characteristic is a group of related reactions shown by the heterocycles 
as cyclic compounds. These rings undergo or fail to undergo in varying 
decrees reactions such as substitution, addition, and ring cleavage in a 
way not indisputably predictable from the behavior of related aliphatic 
and aromatic compounds. Such reactions may l>e correlated with those 
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of aliphatic and aromatic types, but the correlations usually serve to 
affirm the singular behavior of the heterocycle in question. Where data 
arc available, these reactions have been coordinated with structural in¬ 
formation. Further comment on this organization is given in the con¬ 
clusion. 

The heterocycles selected for discussion are those for which fairly 
complete information of the above type is available. This survey, 
therefore, is not a complete listing of heterocyclic types or known 
reactions of each type. Only certain five- and six-membered hetero- 
cyclcs and certain related reduced and condensed rings are included. 
A summary, in part, is given in Table I. The five-membered hetero¬ 
cycles included are furan, pyrrole, indole, thiophene, pyrazole, imidazole, 
thiazole, and oxazole; the six-membered: pyran, pyridine, quinoline, 
isoquinoline, pyrimidine, pyridazine, and pyraziue. A few other five- 
and six-membered ring types are discussed in collective sections. Ad¬ 
ditional condensed types are discussed under the simpler systems. Thus 
included arc benzo- and dibenzofuran, cnrbazolc, thianaphthene, di- 
ben zothiophene, indazole, benzimidazole, bcnzothiazolc, benzoxazolc, 
benzopyran, acridine, purine, and quinazoline ring systems. Also con¬ 
sidered with'the simple systems are heterocyclic carbonyl compounds, 
notably pyrazolone, oxazolone, pyrone, and coumarin. Brief mention 
is also made of those condensed types such as the cinnoline, phthalazine, 
quinoxaline, pteridine, alloxazine, phenazine, phenoxazine, and pheno- 
thiazinc rings which are synthesized by methods related to those used 
for heterocycles included above but for which there are few or no data 
on reactions of the type under survey. 

NOMENCLATURE 

The purpose of this very brief discussion on the nomenclature of 
heterocycles is to state the basic rules that apply to the naming and 
numbering of heterocycles. These remarks are concerned with the 
naming of the simple ring structures, the numbering of these systems, 
and problems encountered with fused heterocycles. 

The naming of heterocyclic rings is simplified by the use of a great 
many trivial names. Many of these names have been selected on the 
basis of some characteristic property, method of formation, or natural 
source. Table I lists structures and common names for a variety of 
heterocycles. Systematic nomenclature provides a name for all hetero¬ 
cyclic types, however, and these names are constructed of (1) a basic 
term indicating the number of atoms in the ring, (2) a prefix, or prefixes 
telling the number and kind of heteroatoms in the ring, and sometime^ 
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(3) a suffix indicating the degree of saturation. The characteristic 
names for rings of each size are listed herewith. The prefixes used with 


Size of Ring 

Name 

Size of Ring 

Name 

3 

-irine (one double bond) 

7 

-epine 

4 

-ete (two double bonds) 

8 

-ocine 

5 

-ole 

9 

-onine 

6 

-ine 

10 

-ecine 


these stems to indicate the kind of heteroatom are oxa-, thia-, and aza- 
for oxygen, sulfur, and nitrogen. The last vowel is dropped in combining 
forms, and the usual Greek prefixes denote number of heteroatoms. 
The order of precedence where there is more than one heteroatom is 
oxa-, aza-, thia-. The final -e in the above stems is dropped in non¬ 
nit rogenous heterocycles. The ending is modified to show the degree 
of saturation in the three-, four-, and five-membered rings. With the 
last, the ending -oline indicates one double bond and -olidine indicates 
complete saturation. Dihydro-, tetrahydro-, and similar forms are 
used to denote degree of saturation also. The -ine endings are changed 
to -one to denote the presence of carbonyl functions. Some examples of 
these rules comparing systematic and common names are shown. 


H 

N 

/ \ 

HjC-CH, 


Elhylenimine 

(uindim-) 

HC-CH 

II II 

HC CH 

\ / 

N 

H 

Pyrrole 

(afolr) 

H 

C 

HC CH 

II I 

IIC CII 

\ / 

N 

pyridine 

(atinc) 


o 

/ \ 

H*C S 

\ / 
c 

H, 

l. 2 - 0 «afliiel.<ine 


lie 


CH 


HC N 

\ / 

O 


0 

II 

c 

/ \ 

HjC NH 

\ / 

C 

Hi 


0-I.nclniii 

(nzelidunc) 


HC- 

II 

N 


-CH 

II 

N 


\ / 
O 


ImhuuIc 

l.2-o«aruk-) 

II 


N 

II 

HC 


Pyrimidine 

(1.3-duuine) 


1.2.5-Oxadiafole 

(furaran) 


C 

IIC= 

=CH 

/ \ 

1 

1 

CH 

HC 

CII 

I 

II 

II 

CH 

HC 

CII 

\ / 

X 

\ 

> 

/ 

1 


H 

Axei'ine 
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The rules for numbering heterocycles follow invariably accepted 
conventions for the monocyclic types. Only in the condensed rings arc 
there significant departures from the rules, and they will be mentioned 
later. The heteroatom is given number 1, and the ring is numbered 
from this reference point. Where two heteroatoms are present, the 
order of precedence for the number 1 position is oxygen, sulfur, then 
nitrogen. The ring is numbered to give the lowest numbers to the 
heteroatoms. 1,2,5-OxadiazoIe given above is a typical example. Two 
additional problems are often encountered in numbering the ring. In 
certain types tautomcrism is possible, making the number of a position 
uncertain. This uncertainty is most commonly met in pyrazoles, imid¬ 
azoles, and purines. The numbering is often given as 4(5)-mclhylimid- 

CHjC-X CHjC-XH 

II II * II i 

HC CH HC CH 

\ / \ ✓ 



4(&).mctliylinmUiolc 


azole to indicate the uncertainty. The other problem is encountered in 
locating a necessary extra hydrogen. The current Chemical Abstracts 
method of handling this problem is to prefix another number followed by 
II to indicate the location of the extra hydrogen. Thus, l,3,2H-oxazinc 
and 1,2,4,111 and 1,2,4,411-triazolcs are as shown. The triazole tau- 


N 

HC^ \>H 

II I 

HC CH, 

\ / 

0 


1.3.211-Oxaiine 


N-CH 

II II 

HC N 

\ / 

N 

H 

1.2,4. lli*Triai ole 
(1.2.4-triaiolr) 


HN-CH 

H i 1 

V / 

N 


1.2.4.411-TriMole 
(1.3.4-1 rioi ole) 


tomcrisin, which is similar to that of the imidazoles discussed above, is 
handled differently by this procedure. 

Condensed (or fused) heterocyclic systems am named as derivatives 
of a pamnt type with • prefix to indicate the type of fusel ring. The 
bonds shared between the rmgs arc determined by number or letter in 
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which each component ring is numbered as it would be if alone or a letter 
is assigned to the sides. Examples are shown. 


2-Furo(S,4-*-) pyrazol* BenzofyJ quinoline 

The numbering of condensed-ring types begins with the right or upper 
right ring and proceeds clockwise around the ring. Examples are di- 
benzofuran and dibenzothiophene given in Table I. Quinoline and iso¬ 
quinoline, as given in Table I, if inverted would conform to this rule, 
but this inversion is not common. The shared atoms of condensed rings, 
which receive no number in the above process, are indicated by a letter 
added to the number of the position just preceding. In quinoline the 
shared atoms are numbers 4 a and 8 /j. Four important exceptions to 
this rule for numbering are carbazole, acridine, xanthene, and purine. 




TABLE I 

Heteroc yci.es Included in This Chapter 
(Not all reduced and condensed ring* are listed in this table) 
Five-Membered Hclcrocyclea 


V 

1'urnn 


ctj o ,.o 


o 

1 

Itcnzofuran 


* o 

ft 

DiU-nzofiiran 


V 

II 

Pyrrole 



jQ c s j 0,j 


Carbnzolc 


Thiophene Thianaphthene 


ft o 
ft 


Dibcnzothiophene 

N 3 


H 

. f »-Pyrazolone 


II 

Indozolc 


Imidazole Benzimidazole 
(glyozalincj 


N 


a 

G 

Oznzole 


Ha-N 

k; 

O 

.VOtacnlonr 

lailw-lolir) 




II 


Indole 


H. 


N 

II 


Pyrazolo 


«V Og g Gg Cg 

u ii ii ii 


N 

J 


Tliinzole Henzolhiazolc 
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TABLE I (Continued) 

Heterocycles Included in This Chapter 
(Not all reduced and condensed rings are listed in this table) 


Six-M embered Heterocydes 
O 


0 h * 

0 op OQ-o 

9 

a-Pyran 

(1.2-) 

■>-Pyronc Benzopyrsn Coumarin 

(1.4-J (clironicne) 

Pyridino 

CC 

1 

i to. 

8 1 

(«) (4) («> 

::iiOC£: 

4 N * 

til i® fit 

p 

Quinoline 

Itoquinolinc 

<I0» 

Acridine 

Pyrimidine 

IN^N 4 — 

VC 

3 9 

-NH7 vAvAni 

^ Uv 

8 •' 

I 

o op 

00 

Purine 

• 

Quinazolinc 

Pyridazinc Cionoline 

Phtlialazinc 

r\ 

N 

9 

Op 

vp oops, 

l'yruzinc 

Quinotalinc 

H 

P**"di“* Alloxazino 


The numbering for these is given in Table I except for xanthcnc (di- 
benzopyran), which is numbered like acridine. A widely used alternative 
numbering for the acridine system found in Chemical Abstracts before 
y ol. 31 and in much of the original literature, but not used in this 
chapter, is shown in Table I. There is, in fact, considerable lack of 
uniformity in adopting a worldwide system for numbering many con¬ 
densed-ring heterocycles. “The Ring Index”» and Chemical Abstracts 
provide the authority for usage in this country, and both should be 
consulted for definitive information in working with the original liter- 

o t Ji re, T f. aSt 0r current ’ or with Beilstein « where many deviations from 
Inc Ring Index” rules will be encountered. 

(HMO)!" 10ra ° n °" d C “ PCl1- Th ° Wn * Ind “'" l " i " ho * r’uWW-in* Corp.. New York 
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“The King Index" contains a complete restatement of preferred rules 
and all numberings that have been used as well as preferred numberings 
for all specific ring systems. “The Ring Index" and Chemical Abstracts 
usage is the basis for this summary of nomenclature rules and practice 
and is followed in this discussion. 


FURANS 


The furans arc of considerable industrial significance because of the 
availability of furfural from various agricultural wastes such as oat 
hulls, corn cobs, and rice hulls. Furfural is extensively used as a select ive 
solvent in the refining of lubricating oil and the isolation of butadiene 
and as an intermediate in the synthesis of various derivatives. Bcnzo- 
furan is found in the solvent naphtha fraction obtained from coal-tar 
distillation. Furacin. 5-nitro-2-furfuraldehyde semicarbazonc, has 
shown marked chemotherapeutic activity in experimental animal in¬ 
fections. 1 * 

Syntheses. Three methods are of some general significance for the 
preparation of furans: (I) the dehydration of 1,4-diketones, (2) the 
hydrolysis and dehydration of carbohydrates, and (3) the Feist-Benary 
synthesis from an a-halocarbonyl compound and a keto ester. 

The dehydration of 1,4-dikctones is a useful reaction for the synthesis 
of furans substituted by phenyl or carbethoxy groups. Furan itself is 
formed from succindialdehyde * and 2,5-dimethylfuran from acetonyl- 
acetonc,* but these and other simple derivatives are usually prepared 
by different reactions. With some diketones, however, the synthesis 
is quite useful and takes place in an excellent yield. The reaction 
probably proceeds by intramolecular dehydration of the 1,4-dienol or 
via the half enol by initial addition of the hydroxy group to the carbonyl 
and subsequent loss of water and is brought about in the cold or on 


HjC-OH* 

I I 

canto ocean 




HC- 

II 

C.H»C 


—CHj 

I 

occai: 


OH 


iic- cm 

II I 

c*HiC ccan 

\ / \ 

o OH 


-li*o 


> can -*L J Ctlh 

o 


" Have*. J. 


Chrm. Snr.. 71. J.VM (I'.'r.h. 


« Harris/«". MW. flWlll. 

I. awl I’aal. I'r,.. 20. IUS5fl«»<». 
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heating with concentrated hydrochloric or sulfuric acid. Other reagents 
such as acetic anhydride and phosphoric acid give poorer yields. Typical 
reactants are listed in Table II. 


TABLE II 



Furans from 1,4-Diketones 


Reactant 

Conditions and Yield 

Furan 

Reference 

Diphenacyl 

Cone. HC1, 140°, quant. 

2,5-Diphenyl 

3 

Desylacctophcnone 

Cone. H*SO<, good 

2,3,5-Triphenyl 

4 

Phenacylacetone 

Fum. HCI, 60-70% 

2-Pheny 1-5-met hyl 

5 

Ace tony lacetoacetic 
ester 

Fum. HCI, 20% 

2,5-Dimethyl- 

3-carbethoxy 

5 

Diacetylsuccinic 

ester 

Cone. HCI, quant. 

2,5-Dimethyl- 

3,4-dicarbethoxy 

G 

a,0-Diaeetylbutanoie 

ester 

10% H*SO«, 94.5% 

2,4,5-Trimethyl- 

3-carbethoxy 

7 


The conversion of various carbohydrates to furan derivatives is the 
basis for the manufacture of furfural from the pentosans in oat hulls, 
corn cobs, and rice hulls and for the laboratory synthesis of other furans. 
The reaction takes place on refluxing or steam-distilling with an aqueous 
acid. The pentosan, which is a polymer of a pentose, is hydrolyzed to 
a pentose, such as xylose, which is dehydrated through one or two inter¬ 
mediates to furfural.* The laboratory yield from corn cobs is 13% on 
the weight of corn cobs;• from xylose itself the yield is quantitative. 10 

CHO 

I 

CHOH 

CHOH 

I 

CHOH 

I 

CHjOH 

Kinetic studies show the rate of disappearance of xylose to be directly 
proportional to both acid concentration and xylose concentration 11 and 
thus indicate that the reaction is at least second order. 



— H|0 


UL 

O 


CHO 


* Kopf and Paal, Bor., 21, 3057 (1888). 

4 Smith, J. Chem. See., 57, 645 (1890). 

1 Paal. Der., 17, 2757, 2765 (1884). 

' Knorr. Der., 17, 2863 (1884). 

| RdchsMin Zschokke. and Sy«. /Mr. CKm. Ada. 16. 1113 (1932). 

Isbell, J. Research Nall. Bur. Standards, 32, 45 (1944) 

.! Adams and Voorhees. Org. S V nOuses, CM. Vo I. 1, 280 (1941). 
Hughes and Acre®. J. Research Natl. Bur. Standards, 21. 327 (1938) 
Dunlop. Ind. Eng. Chem., 40, 205 (1948). 
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Of the various saccharides convertible to furans two others will be 
mentioned. Sucrose is converted by 0.25% oxalic acid at 130° to 5-hy- 
droxymethylfurfural. ,? Only the fructose portion reacts, presumably 
because it is in the furanose form while the glucose is in the pyranose 
form and remains so under the acid conditions. Sucrose is also converted 
by treatment with 32% hydrochloric acid to 5-chloromethylfurfural 
which, without isolation, is treated with stannous chloride to form 
5-methylfurfural in 20% overall yield based on fructose. 1 * The pyrol¬ 
ysis of mucic acid to pyromucic acid, 2-furoic acid, is of historical 
interest. The reaction was first observed in 1780 by Scheele. By dehy¬ 
dration mucic acid is converted to dehydromucic acid, furan-2,5-diear- 
boxylic acid. With concentrated sulfuric acid at 135° the yield is 24%. 11 

The furan synthesis first reported by Feist ,s and subsequently de¬ 
veloped by Benary u and others is the condensation of an a-haloketone 
or aldehyde with a /3-keto ester. The condensation is brought about by 

CH a CO HjCCOjCaHa 

I + I 

IlaCCI OCCHa 

[ CHaC(OH)CHCO,C 5 H s CHaCO HCC0 2 C,H 6 ] 

II or | || 

H a CCl OCCHa H,C—O-CCH, 

CHa |, CO tC*Hi 

L J-CH, 

0 


ammonia or preferably pyridine in ether or benzene ,7 * 18 or by adding 
the halogen compound to the sodium derivative of the 0 -kcto ester. 11 
Acetoacetic ester, oxalacetic ester, acetonedicarboxylic ester, or diethyl 
0 -ketosuberate has been condensed with a,0-dichloroethyl ether (reacting 
as chloroacetaldehyde), chloroacetone, 3-chloro-2-butanone, or ethyl 
bromopyruvate. Yields vary from 10 to 60%. The condensation takes 
place as indicated in the equation by O-alkylation or aldolization. The 
alternative condensation of the active methylene carbon with the 
halogen-carrying carbon, which does occur with these reactants in the 
Hantzsch pyrrole synthesis, would result in 2,5-dimethyl-3-carbethoxy- 


11 Haworth and Jones. J. Chem. See.. 007 (1944). 

'* Rinkcs. Org. Sj/nlhetet. CoU. Vol. 2. 393 (1943). 

14 Yoder and Tollens. Ber., 34. 3446 (1901). 
u Feist. Ber.. 36, 1645 (1902). 

'• Benary. Ber.. 44. 496 (1911). 

17 Blomquist and Stevenson. J. Am. Chem. Soc., 66, 146 ( 1034 >- 
•• Reichstein et al.. Helv. Chim. Ada. 16, 28 (1933); 16. 268. 1116 (1932). 
it Archer and Pratt. /. Am. Chem. Soc., 66. 1658 (1944). 
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furan. This 2,5-dimethyl compound, prepared by cyclization of aceto- 
nylacetoacetic ester, is known and is different from the reaction product 
obtained from chloroacetone. Since the free acid from the chloro- 
acetone reaction behaves as a /3-carboxyfuran 20 - 21 the probable structure 
is that of 2,4-dimethyl-3-carbethoxyfuran as given in the equation. The 
product from ethyl bromopyruvate and the sodium derivative of ethyl 
oxalacetate is 2,3,4-tricarbethoxyfuran, not the 2,3,5 isomer. Saponi¬ 
fication converts the ester to the 2,3,4-tricarboxylic acid, identical with 
that prepared by decarboxylation of furan-2,3,4,5-tetracarboxylic 
acid. 22 Proof by independent synthesis has established the structure 
of the product from ethyl bromopyruvate and diethyl /3-ketosuberate 19 
as follows. 


BrCRjCOCOjCjU* + CiH»OjCCHiCOR - CjH»0*CC-CCO.-CiH* 

(R - —(CUt)«CO,CjUt) h £ * R 

\ / 


lie-CII 

h( ■ 

\ 

'o' 


V/ 



Substitution Reactions. Furan and its derivatives undergo a wide 
variety of substitution reactions. Nitration, sulfonation, halogenation, 
mercuration, Friedel-Crafts acylation and alkylation, methylolation, 
and Gattermann formylation are all known. Generally, the furan nucleus 
is readily substituted and has often been compared to other compounds 
us to relative ease of substitution. The series pyrrole, furan, thiophene, 
benzene in order of decreasing ease of substitution has often received 
comment. 23 24 The substitution reactions, although relatively easy to 
produce, are often difficult to control because of the sensitivity of the 
furan nucleus to the acid reagents usually required. This difficulty is 
overcome by using special reagents, such as the pyridine-sulfur trioxide 
complex for sulfonation, sulfur and benzoyl peroxide to catalyze chlorin¬ 
ation, 26 or the boron fluoride-ether complex for acylation, 26 * and is not 

" Reichstcin and Zschokke, Hdv. Chim. Ada, 16, 1105 (1932). 

u Foist, Ber., 26, 755 (1893). 

” Reichstein d al., Hdv. Chim . Ada, 16. 276 (1933). 

** Wright and Gilman. Ird. Eng. Chan., 40. 1517 (1948). 

Roichstoin, Hdv. Chim. Ada. IS, 349 (1930). 

■ Chuto and Wright. J. Org. Chan., 10, 541 (1945). 

“d Levine, ibid., IS, 409 (1948). 
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TABLE III 


Si>H>Tiri no.\ Reactions of Some Fukans* 





Refer¬ 

Reaction 

Reagent 

Products and Yield 

ence 

Furan 

Nitration 

Nitric acid-acetic 
anhydride 

2-Nitrofuran, 35%; 2,5-di- 
nitrofuran, 27% 

27a 

Sulfonution 

Pyridine-sulfur 

trioxide 

Furan-2-sulfonic acid, 90% 
as barium salt 

23 

Hulogenation 

Halogen 

Decomposition, may be ex¬ 
plosive 

23 

Mcrcuration 

Mercuric chloride- 
aqueous sodium 
acetate 

2-ChIoroinercurifurun. 33' 

2.5- dichloromercurifuran; 

2.3.4.5- tet rachloromer- 
curifuran 

23, 276 

Friedel-Crafts 

Acyl chloride, alumi¬ 
num chloride 

2-Acyl, 23-52% 

27c 


Acyl chloride, boron 
fluoride-ether 

2-Acyl, 77-93% 

26 a 


Acetic anhydride 

2-Aceto, 48%, 

266 

(iattennann 

HCN, HCI 

Furfural 

27 d 

Metnlntion 

Phcnylso/lium 

2-Fury Isodium 

27c 

Furfural 

Nitration 

Nitric acid, acetic 

5-Nitro-2-furfural diacetatc, 

27/ 

(of diacetatc) 

anhydride 

40% 


Chlorination 

Chlorine, benzoyl 
peroxide, sulfur 

5-C*hloro-2-furfural, 33% 

25 

Broininution 

As diacetate, bromine 

5-Bromo-2-furfural, 25% 

27/ 

Fricdel-C’rafts 

Isopropyl chloride 

4-Isopropyl-2-furfural 

27 o 


Butyl chloride, 

aluminum chloride 

5-Butyl-2-furfural 

27/. 

2-Fnmic Arid 

Nitration 


5-Nitro-2-furoic acid 

2,5-Dinit rofumn 

27» 

Sulfonation 

Fuming sulfuric acid 

5-Sulfo-2-furoic acid 



aw Hartougli d ol.. U. S. pats- 2.515.123 (1950); 2.460.822-5 (1949) \C. A.. 44 . 8955 
(1950); C. A.. 43. 3465 (1949)1. , , , 

a: General references: Gilman and Wright. Chem. Re r*.. 11. 323 (1932). and refs. 11 and 


r. Freure and Johnson. J. Am. Chem. Soc.. 63. 1142 (1931); Clauaon-Kaiis and I- akstorp. 
Aria Chem. Scand., 1. 210 (1947, |C. A.. 26. 1825 (1931)). 

** Gilman and Wright. J. Am. Chem. Sac.. 66. 3302 (1933). 

Gilman and Cnlloway. ibid.. 66. 419/ (1933). 
r.4 Rcichatcin. Helo. Chim. Ada. 13. 345 (1930). 

Gilman and Breuer. J. Am. Chem. Sac.. 66. 1123 (1934). 

* ; / Gilman and Wright, ibid.. 62. 2550. 41G5 (1930). 
r-t Gilman. Calloway, and Burtner. ibid.. 67, 906 (1935). 
a:* Gilman and Burtner. ibid.. 67. 909 (1935). 
ar« Kinkes. Rcc. irav. chim.. 49. 1169 (1930). 
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Substitution Reactions of Some Furans 17 


Refer- 


Reaction 

Reagent 

Products and Yield 

cm 

2-Furoic And 

Bromination 

Bromine, 100° 

5-Bromo-2-furoic acid ami 
polybromo-furoic acids 

23 

rodination 

Iodine, potassium 
iodide 

2-Iodofuran, 20% 

27 j 

Mercuration 

Mercuric acetate, dry 

3-Chloromercurifuran, 12% 

23, 


mercuric chloride 
aqueous, neutral 

2,5-Dichloromercurifuran, 

30% 

276 

Ethyl (or Methyl) 

2-Furoale 

Nitration 

Nitric acid, acetic 
anhydride 

5-Nitro-2-carbomethoxy- 
furan, 30%; 5-nitro- 
2-carbethoxyfuran, 80% 

27n 

Chlorination 

Chlorine, heat 

5-Chloro-2-carbcthoxyfurnn 
and dichloro esters 

23 

Bromination 

Bromine, heat 

5-Bromo-, 4,5-dibromo-, 
3,4-dibromo-2-carbcthoxy- 
furan 

23 

Friedel-Crafts 

Acetyl chloride, 
stannous chloride 

6-Acetyl-2-carbcthoxyfuran 



Alkyl halides, alumi¬ 
num chloride 

5-Alkyl-2-carbomet hoxy- 
furan, 31-57% 

27c 

Hydroxy mcthylation 

Formaldehyde, acid 

5,5'-Dicarbcthoxy-2,2'-di- 

furylmethane 

23 

2-Purfuryl Alcohol 

Halogenation 

Halogen 

Explosive decomposition 

23 

Mercuration 

Mercuric chloride 

5-Chloromcrcuri-2-furfuryl 
alcohol, 49% 

27 k 

Mannich 

Formaldehyde, 

morpholine 

5-N-Morpholinomethyl- 
2-furfuryl alcohol, 42% 

23 


met in those furans in which the ring is stabilized toward acid by the 
presence of an electrophilic substituent. The most common furans 
thus substituted are 2-furoic acid and its esters and furfuraldehyde 
These undergo most of the previously listed substitution reactions. * 

I able III lists the reagents used and products formed in several 
substitution reactions with furan, furfural, 2-furoic acid, ethyl 2-furoate 
and furfuo* 1 alcoho 1 . It may be noted that the 2-position, or 5-position 
ir the 2-position is occupied, is preferentially substituted. The only 

of a 4 - isopropyi — 
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The conversions of 2-furoic acid to 2,5-dinitrofuran on nitration, to 
2,5-dichloromercurifuran by mercuric chloride, and to 2-iodofuran on 
iodination are illustrative of a variety of substitutions in which a sub¬ 
stituent other than hydrogen is replaced. The chloromercuri group is 
readily replaced by bromine or iodine, and 2,5-diiodofuran is converted 
to 2-iodo-5-nitrofuran on nitration. 

Many of the reagents which normally cause substitution reactions 
with furan undergo addition reactions, particularly under mild con¬ 
ditions. Evidence for the existence of such addition reactions is the 
isolation of addition compounds which are transformed, on heating or 
washing with pyridine, to the usual substitution products. Such ad¬ 
dition products have l>ecn observed in halogenation, nitration, and mcr- 
cu rat ion reactions. At — 15° ethyl 2-furoateadds four atoms of chlorine, 
or bromine, to give a tetrachloride or tetrabromide. Either tetrahalide 
on treatment with alkali or on heating loses hydrogen halide to give the 
mono- and dihalofumncnrboxylic esters formed directly from the ester 
and halogen at elevated temperature. Intermediate addition products 
formed in nitration reactions arc converted to nitro compounds on 
washing with pyridine. 77 * Such observations suggest that the normal 
substitution reactions of furan proceed through addition intermediates. 7 * 

Not all furans are easily substituted. Furan-2,4-dicarboxylic acid, 
for example, is recovered unchanged after attempted bromination, ni¬ 
tration, or sulfonation under conditions which usually introduce an 
tt-substituent. . 

Addition Reactions. The isolation of addition products from the re¬ 
action of halogens with ethyl 2-furontc is evidence of a tendency for 
furans to undergo such reactions. The addition of hydrogen to form 
tetrahydro derivatives and typical Diels-Alder reactions are further 
evidence. The 1,4-addition of maleic anhydride demonstrates the 
dicnic nature of the furan ring. Furan and alkylfurans add maleic 
anhydride but do not, as does butadiene, add acrolein or methyl vinyl 
ketone. Furfural does not add maleic anhydride but can itself add to 


HC-CII CHC(\ 
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CHCCK 
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A discussion oi addition and summation mechanism, for Zk 

lions is given by Fiescr in Gilman. "Organ* Chemurtry. John « dey & Sons. Net. 
(1943). 2nd cd., Vol. I. P- 174. 
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butadiene." The 1,4-addition reaction between a furan and acetylene- 
dicarboxylic ester has been utilized, as previously discussed, in the 
synthesis of 3,4-dicarbethoxyfurans. 

The addition of hydrogen to furan and various substituted furans 
takes place readily and in good yields. 2 **’ Furan and alkylfurans add 
hydrogen in the presence of nickel or palladium catalyst at 100-150° to 
give 68-95% yields of tetrahydrofurans. It has been stated that, in the 
presence of a trace of water, the hydrogenation proceeds at 25° and 
40 lb. pressure over nickel.*** At 200° or above, however, hydro- 
genolysis becomes appreciable. Furfural is reduced to tetrahydro 
furfuryl alcohol industrially with a mixed nickel-copper chromite cata¬ 
lyst in 70-80% yields. Both 2-furoic acid and its ester have been reduced 
to the tetrahydro compounds under a variety of conditions in 89-97% 
yields. 

Ring Stability. The sensitivity of the furan ring toward mineral acid 
is characteristic. The degree of sensitivity, or stability, toward ring 
cleavage by acid varies within wide limits and is determined by the type 
of ring substituents and by the conditions, such as concentration of acid 
and temperature, to which the furan is exposed. Furan itself, alkyl 
derivatives of furan, and furfuryl alcohol and chloride are most sensitive. 
Concentrated acid reacts explosively with these furans. Dilute acid, 
however, brings about an orderly conversion to a 1,4-diketone. 2,5-Di- 
methylfuran is converted in 90% yield to acetonylacetonc by reflux¬ 
ing with a few milliliters of 10% sulfuric acid in aqueous acetic acid. 2 ** 
2-Methylfuran in alcohol and with a trace of hydrochloric acid is con¬ 
verted to the acetal of levulinic aldehyde. With furfuryl alcohol an 
intramolecular oxidation and reduction takes place and the product 
isolated is levulinic acid. 2M Furylacrylic acid is hydrolyzed, after con- 

H,C-CH, I H*C-CHj 

I — * 

HCO OCCH,OHj HOCO OCCHj 

version to the /3-hydroxy acid by addition of water, to acetonediacetic 
acid 29 in a similar reaction. 

Furans with nuclear aryl, carbonyl, carboxyl, or nitro substituents 
are, in many instances, quite stable to mineral acid and are generally 

"* Wojcik, Ind. Eng. Chem., 40, 210 (1948). 

Buchmann. Doctoral dissertation. University of Nebraska (1941) 

‘Young and Mien, Otq. SynlMeta, CoU. Vol. 2, 220 (1943). 

Pummeror. Guyot, and Birkofer, Ber., 68, 480 (1935) 

” Marckwold. Her.. 20. 2810 (1887); 21, 1398 (188S). 
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more stable than the alkylfuran types. Apparently the capacity of the 
oxygen atom to act as an electron donor and combine with the attacking 
proton, as an integral step in the reaction, is decreased by the presence 
of electrophilic groups. Furfural undergoes extensive decomposition 
by dilute acid only after long exposure at elevated temperatures. 30 
The rate of decomposition is directly proportional to the hydrogen-ion 
concentration and to the furfural concentration. 5-Nit ro-2-furancar- 
boxylic ester is hydrolyzed to the acid in 00-95% yield by strong sul¬ 
furic acid, 37 and furan-2,4-dicarboxvIic acid is recovered unchanged after 
attempted bromination, nitration, or sulfonation. It has been noted 
that fuming hydrochloric acid is the reagent used to convert phena- 
cylacetone and diphenacyl to furans in excellent yield. 

The furans are generally stable toward bases. Their conversion by 
sodium alkyls or aryls to 2-furylsodium derivatives is indicative of their 
stability, as are also the many alkaline-catalyzed furfural reactions. 

Structure. The commonly accepted structure for furan (I) shows it 
as a diene and as a divinyl ether. The preceding discussion has shown 
that the furan reactions are consistent with this structure. Addition 
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of maleic anhydride shows its dienic character; ring cleavage by mineral 
acid its vinyl ether character. Careful comparison, however, shows that 
there are significant differences that can perhaps best be explained as 
an additional stability conferred by resonance."" Resonance energy 
considerations also show that furan is something more than a diene 
plus a divinyl ether. The resonance energy from heats of hydrogenation 
for dienes varies from 1.7 to 4.2 keal. and for divinvl ether is 3.4 kcal., 
and that for furan, 17.2 kcal., is greater than the sum of the two." This 
indicates that, of the various resonance possibilities, II and III, which 
have no close analogs with dienes or vinyl ethers, are responsible for the 
increase in resonance energy attributed to furan. 

Reduced Rings. Dihydrofurans, of a few types, are apparently formed 
in cyclization reactions. The tetrahydrofurans are readily available 
through hydrogenation of furans, as discussed previously, and are ol 

* Williams and Dunlop. I*d. B"0- Chem.. 40, 239 (1948). , , *• v 

>i Pauline. "Nature of the Chemical Bond." Cornell Un.venuty I re*. Ithaca. N. • 
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industrial importance.” The two principal compounds, from which 
many derivatives are potentially available, are tetrahydrofuran and 
tetrahydrofurfuryl alcohol. Both are manufactured from furfural: the 
former by catalytic removal of the side chain 35 and hydrogenation; the 
latter by hydrogenation with a mixed nickel-copper chromite catalyst. 
The alcohol undergoes catalytic dehydration and rearrangement to 
dihydropyran, which is hydrogenated to tetrahydropyran. Many de¬ 
rivatives are formed from these cyclic ethers by the standard reactions 
of aliphatic chemistry. The conversion to dibasic acid nitriles via the 
dihalidcs formed on ring opening has been commercialized as a source 
of nylon intermediates. Tetrahydrofuran has also been manufactured 
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by cyclization of butanediol-l,4. 35 « 

Benzofuran. The bcnzofuran (coumarone) ring system is formed 
from phenols and phenol ethers in ring closures which form the 1,2-, 
2,3-, or 3,3a-bonds. Catalytic cyclodehydrogenation of o-ethylphenol 
gives 10.5% of benzofuran.* 5 * The formation of coumarilic acid from 
coumarin probably also proceeds through a 1,2-ring closure. 36 The 
intermediate o-hydroxy-o-bromocinnamic acid is not isolated. 
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u Cass, Ind. Eng. Chem., 40. 210 (1948). ^ 

• Wilson. J. Chem. Soc., 61 (1945). 

» 2 0PPO ; "Acetylene Chemistry." PB Report 18852s. Meyer and Co (1949) n Sfi 
~ Hansch. Scotty and KeUer. /nd. 42. 2114 (1950). P * 8 °' 

Fxison ft al„ Org. SynMeses. 24. 33 (1944). 
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Similar cvclizations convert o-hydroxy-0-chlorostyrene to benzofuran; 
o-allylphenols to dihydrobenzofurans (coumarans); * 7 and o-hydroxy- 
bromoacctophenones to couraaranones. 



Tlie 2,3-bond is formed in a cyclic Perkin or one of the related reactions 
with aldehydes or ketones having ortho groups of the type — 0CH 2 C0 2 H, 
0< H 2 CO 2 C 2 H 5 , or —OCH 2 COR. a * With the free acid decarbox¬ 
ylation accompanies cyclization and the product is benzofuran. 

CHO 

CX “ Ccu.h 

OCHjCOjCiH, 0 

With the ester the free acid is obtained. The 3,3a-ring closure takes 
place when sodium phenoxide is treated with ethyl chloroacetoacetate 39 
or chloroacetnl . 40 



ONa 


OCCHj 

I 

CICHCOjCjH* 



Benzofuran undergoes substitution in the 2-position. 41 Acetic anhy¬ 
dride with stannic chloride forms 2-acctylbcnzofuran; 45 butyllithium 
forms the 2-lithium derivative; and nitric acid, 2 -nitrobenzofuran. 43 
Bromine or chlorine adds to the 2,3-bond to form a dibromide or di¬ 
chloride. The dibromide is converted to 3-bromobenzofuran by alcoholic 
potassium hydroxide or to 2-bromobenzofuran by heat. Benzofurans 
substituted in the furan ring undergo substitution reactions in various 
positions. Thus, 3-methyl-4,G-dimethoxvbenzofuran in the Gattermann 
synthesis forms the 2-formyl derivative; 2-carbethoxy-4,6-dimethoxy- 
benzofuran in this reaction forms the 7-formyl derivative. 44 2-Oarb- 

* 7 Barts. Miller, and Adams. J. Am. Chem. Soc.. 67. 371 (1935). 

M Rcichstein et al., ffdv. Chim. Ada. 18, 816 (1935). 

*» Iiantzsch. Ber., 19. 1290 (1886). 

« Stocrmcr. Ann.. 312. 239 (1900). 

41 Wacek. Eppinger. and Bczard. Ber.. 73, 521 (1940). 

«* Smith. Ioica SlaU Coll. J. Sci.. 12, 155 (1937). 

u Stocrmer and Kahlort. Ber.. 35. 1640 (1902). 

44 Foster and Robertson. J . Chem. Soc.. 921 (1939). 
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ethoxybenzofuran is brominated, nitrated, and acylated in the 5-po¬ 
sition. 42 

The addition of hydrogen to benzofuran either catalytically or with 
sodium and alcohol forms 2,3-dihydrobenzofuran, which is readily oxi¬ 
dized to benzofuran. Ozone also attacks the 2,3-bond to form 25% of 
o-hydroxybenzoic acid and 40% of o-hydroxybenzaldehyde. 41 The 
polymerization of benzofuran by an addition mechanism is the basis 
for the manufacture of “cumar” resins from the various solvent naphtha 
coal-tar fractions boiling between 150° and 200°. The principal com¬ 
ponents of these fractions are couraarone and indenc. 46 

Dibenzofuran, or diphenylene oxide, is a segment of the complex ring 
system found in morphine. Some of its derivatives act as mild depres¬ 
sants. The heterocycle is formed from diphenyl ether when the latter 
is passed through a hot tube and by pyrolysis of phenol in the presence 
of litharge. 44 Decomposition of tetrazotized o,o'-diaminobiphenyl gives 
a 75% yield of dibenzofuran. 44- The ring is also formed by decompo¬ 
sition of diazotized o-aminodiphenyl ether. 44 Substitution reactions 
with dibenzofuran are unusual in that the position taken by the entering 
group varies with different groups. 444 Nitration produces 3-mono- and 
3,8-dinitro derivatives; halogenation, 2-mono- and 2,8-dihalo deriva¬ 
tives; sulfonation, 2-mono-, in 89% yield, and 2,8-disulfonic acids; and 
metalation produces 4-mono- and 4,6-dimetallo derivatives. 44 * Substi¬ 
tution in the 2- and 4-positions is to be expected, as these are the o- 
and p-positions with respect to the ether linkage. The same effects 
which produce an increased electron density at the 2- and 4-positions 
in one of the benzene rings can also produce an increased electron 
density at the 7-position, which is similar to the 3-position, in the other 
ring, and this possibility has been suggested as an explanation for the 
formation of 3-nitrodibenzofuran. 44 1,4-Dihydrodibenzofuran is formed 



in 82% yield by decomposition of the product obtained by addition of 
sodium in liquid ammonia to dibenzofuran. 444 1,2,3,4-Tetrahydro- 
dibenzofuran is formed in 70% yield from dibenzofuran with sodium- 

“ Carmody, Sheehan, and Kelley. Ind. Eng. Chem., SO. 245 (1938). 

“ Cullinane, J. Chem. Soc., 2267 (1930). 

<4a Taubor and Halbcrstadt. Ber., 26, 2745 (1892). 

!“ S “ i ‘ h - “ d Am - CUm - W. (1934). 

‘•'Gilman and Young, ibid., 66. 1415 (1934)?67. 1121 (1935) 

Gilman and Bradley, ibid., 60, 2333 (1938). 


744 


ORGANIC CHEMISTRY 


cyclohexanol as the reducing reagent and in 97% yield with hydrogen 
and platinum catalyst. 4 ** The furan ring is opened when dibenzofuran 
is fused with potassium hydroxide or heated with aluminum chloride. 


PYRROLES 

The pyrrole nucleus is found in two important natural pigments, 
hemoglobin 47 and chlorophyll. 4 * The chlorophylls are the green pig¬ 
ments in plant cells, where their probable function is to absorb light and 
act as the intermediary for supplying energy from the sun for photo¬ 
synthesis. Hemoglobin, the respiratory pigment of the erythrocytes, is 
a combination of globin, which is a water-soluble, slightly basic protein, 
and heme. Heme is readily isolated 49 as its chloride, hemin, which is a 
ferrous complex of a substituted porphyrin. It is this nucleus which, 
in combination with globin, provides the chemical means for the trans¬ 
portation of oxygen by blood. Myoglobin and cytochromes, which are 
structurally related to hemoglobin, are important in the respiratory 
activity of other cells. The chlorophylls contain a dihydroporphyrin 
nucleus as a magnesium complex. The bile pigments are apparently 
derived from porphyrins by opening the ring. The studies of the 
structures of hemin and the chlorophylls were accompanied by extensive 
brilliant studies of pyrrole chemistry, particularly by Hans Fischer 
and by Richard Willstattcr, and finally led to the syntheses of hemin. 
For this work both Fischer and Willstattcr were awarded the Nobel 
prize. 

Syntheses. The most obvious synthesis of pyrroles is the Paal-Knorr 
ring closure of 1,1-diketones with ammonia. Succindialdehydc forms 
pyrrole itself, and acetonylacetonc heated at 115° with ammonium 
sulfate gives 85% of 2,5-dimcthylpyrrolc. i0 


CHjCOCHjCHjCOCHj + NH, 



«• Cullinane and Padficld. J. CKem. Soe., 1131 (1935). 

*1 Corwin in Gilman. "Organic Chemistry.” John Wiley & Sons. New York (1943). 2nd 
stccle in Gilman. "Organic Chemistry." John Wiley & Sons. New York (1943). 2nd 


»» Fischer. Org. Sjnlht m*. 21, 53 (1941). 

‘o Young and Allen. Org. CoU. Vol. 2. 219 (1943). 
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a,/3-Diacetylsuccinic ester reacts with ammonia at 0° to form an 
intermediate: 

C 2 H 5 0:CC=C(0H)CH 3 

I 

C 2 H s 0 2 CC=C(NH 2 )CH 3 

which is converted to 2,5-dimethyl-3,4-dicarbethoxypyrroIe. Methyl- 
amine, which as well as other amino compounds can be substituted for 
ammonia, reacts with succinyldiacetic ester quantitatively to form 
l-methyl^S-dicarbethoxymethylpyrrole. 5 ®* Bidesyl forms tetraphenyl- 
pyrrole. The conversion of ammonium mucate Sl to pyrrole is a similar 
reaction. 


NH 4 0 5 C(CH0H) 4 C0 2 NH, 
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The Knorr pyrrole synthesis is used to prepare many different pyr¬ 
roles. The best known example of the synthesis is that of 2,4-dimcthyl- 
3,5-dicarbethoxypyrrole, known as Knorr's pyrrole, from ethyl aceto- 
acetate.”- 63 


ch 3 co h 2 cco 2 c 2 h* 
I + I 

C 2 H*0 2 CCHNH 2 occh 3 
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A (50% yield is obtained by nitrosating and reducing acetoacetic ester 
to the aminoketone in the presence of excess ester which combines with 
the aminoketone as formed. The aminoketone may be condensed with 
acetylacctone to give 55-60% of 2,4-diraethyl-3-acetyl-5-carbethoxy- 
pyrrolc«- Other 0-keto esters and /3-diketones give excellent yields, 
but simple ketones often give low yields, fail to react, or condense with 
themselves as aminoketones to give pyrazines (see p. 885). The con- 

Willstatter and Pfannenatiol. Ann., 422, 14 (1921). 
i; JJ c ®vain and Bolliger, Org. Syntheaei. C<M. VoL 1, 473 (1941). 
u 1'iacher, Org. Synlhcatt, CM. Vol. 2, 202 (1943). 

“ Connn and QuatUobaum, /. Am. Chem. Soc., 68. 1081 (1936). 

Fischer. Org. Synlhetet, 21, 67 (1941). 
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densation of aminoacetone, or aminobutanone, with 0-carbonyl com¬ 
pounds is useful in preparing methyl-substituted pyrroles.* 4 
In the Hantzsch pyrrole synthesis 55 a chloroketone reacts with 
ethyl acetoacetate in the presence of ammonia. 56 Chloroacetone, ethyl 
acetoacetate, and ammonia give a 56% yield of 2,5-dimethyl-3-car- 
bethoxypyrrole. A 0-aminocrotonic ester is a probable intermediate. 

H 2 CC1 HCCO,C 2 H s 

I + nh 3 + II - 

CIIjCO HOCCHj 

. ..cojCjiu ciu ..co^m 

ciiK JxH a Joh 3 

N O 

H 


The same reactants also form a furan (see p. 734). <*,0-Dichloroethyl 
ether (reacting as chloroacctaldehyde) condenses readily with ethyl 
acetoacetate and ammonia to 2-methyl-3-carbethoxypyrrole. A related 
reaction is the conversion of ethyl a-chloroacetyl- 0 -aminocrotonate to 
2-methyl-4-hydroxy-3-carbethoxypyrrole in 75% yield. 
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A pyrrole synthesis similar to the Fischer indole synthesis has been 
used successfully in only a few instances. Tetraphenylpyrrole is formed 
from the azine of dcsoxybenzoin by hydrogen chloride at 180° 67 Simi¬ 
larly, dicthylketazine with zinc chloride at 220° forms 3,4-dimethyl- 
2,5-diethylpyrrole. s * 


RCIij CIIiR 

I I 

RC=N—N=CR 


RCH CHRl 

II II 

RC—NHNH—CR 



RCNHj HjNCR 



m Fischer-Orth. "Die Chemie dcs Pyrrols." Akademische Verlagsgoselbchaft. Leipiig 
(1934). Vol. I. PP- 177. 233. 

» Hantzsch. /?«-.. 23. 1474 (1890). . 

»* The following examples of this reaction are discussed in Fischer-Orth, op. cU.. PP- 

125. 132. 233. 245. 247. 

Robinson and Robinson. J. Chem. Soc.. 113, G39 (1918). 

** Piloty. Der.. 43. 493 (1910). 
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The syntheses of pyrrole from acetylene and ammonia at high tem¬ 
peratures and from succinimide by distillation with zinc are not of 
preparative value. 

Acid-Base Properties. In many reactions pyrroles resemble phenols. 
Both are weak acids. Pyrrole, whose acid dissociation constant is 
10 “ 16,5 , is a weaker acid than phenol, whose acid dissociation constant 
is 10“ 10 . Pyrrole reacts with potassium, but not sodium, to liberate 
hydrogen and form the pyrrole salt. Fusion with potassium hydroxide 
also forms potassium pyrrole; other metal salts are prepared in liquid 
ammonia. The potassium salt, but not pyrrole itself, reacts with methyl 
iodide and other halides to give N-methylpyrroIe or other N-substi- 
tuted pyrroles. Basic properties, suggested by the secondary amine 
type formula, are, if present at all, obscured by the ease with which 
pyrroles polymerize under the influence of acid. 

Ring Stability. Although sufficiently stable to remain intact through 
a variety of reactions, the pyrrole nucleus is readily opened by some 
reagents. Refluxing with alcoholic hydroxylamine serves to convert 
many pyrroles to dioximes of 1,4-diketones. This reaction is, in effect, 


R—ij-a—R 

A jCa +! ™ >H 
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RC—CHR—CHR—CR 

II II 

NOH NOH 


a reversal of the ring closure of 1,4-dicarbonyl compounds. Since the 
pyrroles are normally stable to mild alkali, it appears that the hydrox¬ 
ylamine serves to shift an equilibrium toward the diketone by removing 
the diketone as the oxime. Alkyl substituents facilitate, and acyl, 
carboxyl, and phenyl groups retard, this type of cleavage. The pyr¬ 
role ring is also destroyed by oxidation with chromic acid. In this 
reaction, maleic imides are produced and a-alkyl groups are eliminated. 
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USUa ) ly “ the pr f ence of Potassium hydroxide, converts 
alkyipyrroles to carboxylic acids. Acyl substituents are oxidized to 

rin y per T.f nate - The Py™>'e ring is converted to a pyridine 
nng on reaction of its potassium salt with chloroform, or other halides 
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such as benzal chloride, in the presence of sodium ethoxide. The prod¬ 
uct from pyrrole itself and chloroform is 3-chloropyridine. 

^ J + CHClj Qp C1 

N N 

H 


Addition Reactions. Pyrroles, although particularly prone to undergo 
substitution reactions, are known to add a few reagents. Reduction 
with zinc and acetic acid gives A 3 -pyrrolines; with hydrogen and nickel 
catalyst at 200°, pyrrolidines. N-Substituted pyrroles add hydro¬ 
gen at lower temperatures than unsubstituted pyrroles. 59 Triphenyl- 
methyl adds to pyrrole to give 2,5-bis(triphenylmethyI)-3-pyrroIine. M 
Maleic anhydride does not add as it does to furan but forms, instead, a 
2-pyrrolesuccinic acid. Similarly, diazoacetic ester forms a carbethoxy- 
methyl derivative. 61 A 1,4-intermolecular addition of pyrrole has been 
proposed 65 to explain the structure of the pyrrole trimer. This trimer 
precipitates when hydrogen chloride is passed into an ether solution of 
pyrrole and decomposes at 300° into ammonia, indole, and pyrrole. 
The structure proposed for the trimer is similar to that advanced for 
cyclopentadiene polymers. Di-, tri-, and tctraalkylpyrroles are con- 
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/I \ /. \ 

HC | CH CH-CH 

II NH | NH | || 

HC CH I CH CH 

\i / \! / \ / 

CH CH N 

H 

verted to dimers by mineral acid. 6 * 

Substitution Reactions. Pyrroles undergo many substitution re¬ 
actions in which a hydrogen or other group, on a ring carbon atom, is 
replaced. Such reactions include halogenation, acylation, alkylation, 
and formaldehyde condensation, all of which are useful and well- 
developed reactions. Diazo coupling, sulfonation, nitration, and mtro- 
sation are known. In these substitution reactions pyrroles react like 
phenols, particularly with respect to relative ease of substitution. 

"Signal*, and Adkins. J. Am. Chrm. See.. 58. 709 (1936); Rniney and Adkins ibid.. 
61 1101 (1939); Adkins and Coonradt. ibid.. 63. 1563 0941). 
m Conant and Chow. 7. Am. Cta. Ac.. 55. 3475 (1933). 

“ Nenitzcscu and Solomonica. Ber.. 64, 1924-1928 (1931). 
a Sidgwick. Taylor, and Baker. -Organic Chemistry of Nitrogen. Oxford 
l’ress. London (1937). rev. ed.. p. 487. 

Fischer-Orth. ref. 54. p. 38. 
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Various substitution reactions of pyrroles are possible using mctallo- 
pyrroles as intermediates. Most widely used of these is the pyrryl- 
magnesium halide formed by reaction of a pyrrole with a Grignard 
reagent. This magnesium compound reacts with acyl and alkyl halides 


o + RMgX — 

N 

H 


J +RH 

N 

MgX 


at low temperatures to form N-acyl and N-alkyl compounds and at 
150-200° to form the corresponding 2- or 5-substitutcd pyrroles. Acid 
halides form 2-ketopyrroles; chloroformic ester, 2-carboxylic esters; 
ethyl formate, 2-aldehydcs; alkyl halides, 2-alkylpyrroles. Methyl 
iodide forms some 3-methylpyrrole in an exceptional reaction. With 
carbon dioxide, 2-carboxylic acids are formed in a reaction similar to 
the Kolbe synthesis. In many of these reactions, sodium or potassium 
pyrroles can replace the magnesium derivative. The N-substituted 
products are known to rearrange on heating and may be intermediates 
in the overall reaction. The rearrangement usually requires 200-250°, 
however, and, since the substitution reaction takes place below this 
temperature range, N-substitution probably does not precede C-substi- 
tution. A related reaction is the alkylation of pyrroles which takes 
place on heating with sodium alkoxides. 2,3,5-Trimethyl-4-cthyl- 
pyrrole, phyllopyrrole, results from either 2,3-dimethyl-4-ethylpyrrole 
and sodium methoxide or 2,3,5-trimethylpyrrole and sodium cthoxide. M6 
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In this type of reaction a carbethoxy group, if present, is often replaced 
by a methyl group. 

Habgenation of pyrroles takes place readily. Sulfuryl chloride in 
ether at 0 g>ves 2-chloro-, 2,-Wichloro, 2,3,5-trichloro-, and tetra- 
ehloropyrrole all of which are unstable. Chlorine reacts vigoromdy 
and a pentachloropyrrole is formed as the ultimate product. BoiW 
water converts the pentachloro compound to dichloromaleic imid e g 
sod,urn amalgam converts it to pyrrole. Neither reaction is conclusive 

Fischor-Orth, ref. 54. p. 65. 
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evidence as to the structure of the pentachloridc, which may exist in 
either pyrrolenine or N-chloro form. Bromine in alcohol converts 
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pyrrole to its tetrabromide; iodine and potassium iodide, to tetraiodo- 
pyrrole. The last is used as an antiseptic under the name “iodol." It 
is also formed from tetrachloropyrrolc and potassium iodide. Alka¬ 
line hypochlorite or hypobromitc oxidizes the ring to give dichloro- or 
dibromomaleic imidc. The presence of acetyl or carbethoxy groups in 
the ring retards halogenation so that yields of halides from these pyrroles 
arc excellent. Thus, 2 . 4 -dimethyI- 5 -carbcthoxypyrrole reacts with 
bromine in carbon tetrachloride to give a quantitative yield 64 or in 
methanol to give 07% yield of the 3-bromo derivative. 2,4-Dimcthyl- 
3 -caibethoxvpyrrole (A) gives 88 % of the 5-bromo derivative on 
reaction with bromine in ether. In glacial acetic acid, however, a di- 
pyrrylmethene hydrobromide (C) is formed by condensation of the un- 


CII3 it || COjCjHs 

•L J-CII, 

N 


Br; 

IIOAc 


II 


M> 


CM* || H CO 2 C 5 IU 

Br-A J-CH,Br 
X 
H 

(B) 


+(A> , iq| 

-> dipvrrvlmetliane —* 

— IIBr '• 


CH, „ „ COjC;H, CH, p^pCO.C.H, 

bJl j— ch^_l j 

N N 

H HBr 
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M Fischer and Ernst. Ann.. 447. 14. (1920). 
a Corwin and Viohl. J. Am. Chem. Soc.. 66. 1137 (1944, 
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reacted pyrrole with the bromomethyl derivative ( B ) to give a dipyrryl- 
methane followed by oxidation. 

Bromination of 2,4-dimethyl-3,5-dicarbethoxypyrrole takes place in 
the side chain to form the 2-bromomethyl derivative, although in some 
brominations bromine replaces acetyl or carbethoxy groups. Studies 
on the rate of iodination of 2,4-dimethyl-3- and 5-carbethoxypyrroles 
and their N-methyl derivatives 4 * have shown that the 2-position is 
about 25 times as active as the 3-position and that N-methyl substi¬ 
tution increases the rate by 8-15%. 

Acyl, including formyl, groups are introduced in the pyrrole nucleus 
by direct acylation, Reiraer-Tiemann, Gattermann, Houben-Hoesch, and 
Fricdcl-Crafts reactions, and by acylation of metal derivatives as 
mentioned previously. The most useful reactions are the Gattermann 
aldehyde synthesis 47 - 44 and the similar Houben-Hoesch ketone syn¬ 
thesis; Friedel-Crafts acylation; and acylation of magnesium derivatives. 
The Gattermann synthesis of pyrrole aldehydes is preferred to the 
Reimer-Tiemann synthesis. In the latter reaction, formation of pyri¬ 
dine or tripyrrylmethanes *• may predominate as a side reaction. The 
Houben-Hoesch synthesis has not been as widely used as the Friedel- 
Crafts reaction, where yields are often quantitative. Examples of these 
reactions are given in Table IV. 


TABLE IV 


Pyrrole Acylations 


Pyrrole Substituents 
None 

2.5- Dimethyl 

2.4- Dimethyl 

2.4.5- Trimethyl 
3-Methyl-4-carbcthoxy 

2.4- Dimethyl-3-carbethoxy 

2.4- Di methy 1-3-carbethoxy 

2.4- Dimothyl-5-carbethoxy 

2.4- Diethyl-5-carbethoxy 


From Fischcr-Orth, ref. 54. 
Reagent 

(CH,CX))tO, 250° 
CHCU, KOH 
HCN, HC1 
HCN, HC1 
CH*CN, HQ 
Zn(CN),, HC1 
CHjCOCl, CS,, A1CU 
GACOOL Aicu 
CHjCOCl, CS,, Aicu 


Product 

2- Acetyl 

3- Formyl (low) 
5-Formyl (02%) 
3-Formyl (66%) 

2- Acetyl 
5-Formyl (90%) 
5-Acetyl 

3- Propionyl (83%) 
3-Acetyl (95%) 


Nitration, nitrosation, and sulfonation are substitution reactions not 
rndely applicable to pyrroles because of the sensitivity of the nucleus to 
acids. Under suitable conditions the reactions are known to occur. 

M Doak and Corwin, ibid., 71, 169 (1949). 

" g g? *"■: “• 1942 <>«*): (1923). 

M ™ 7^ “J ^ ndr * WBl J • Am ’ ctmn - ®8, 1086 (1936). 

Fxaoher and Ammann, Ber., 88, 2319 (1923). 
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Thus, chlorosulfonic acid converts 2,4-dimethyl-5-carbethoxypyrrole 
to its 3-sulfonic acid. 70 Pyridine-sulfur trioxide complex at 90° converts 
pyrrole to its 2-sulfonic acid, isolated in excellent yield as its barium 
salt. 71 Ethyl nitrate reacts with pyrrole in the presence of sodium 
ethoxide to form the sodium salt of 3-nitropyrrole. 72 Alkyl nitrites 
similarly form nitrosopyrroles. Alkyl and acyl groups are often replaced 
during nitration: 2,4-dimethyl-3-carbethoxy-5-acetylpyrrole is converted 
to the 5-nitro derivative by concentrated nitric acid; 2,4-dimethyl- 
3,5-dicarbethoxypyrrole, to 2,4-dinitro-3,5-dicarbethoxypyrrole. 

Diazo coupling with pyrroles, with free a- or ^-positions, introduces 
an arylazo substituent in the nucleus. 2,4-Dimethyl-3-carbethoxy- 
pyrrole couples with benzenediazonium chloride to form the 5-phenyl- 
azo derivative. A 2-carboxv group may be eliminated in this reaction. 

The nuclear substitution reactions that arise when formaldehyde 
reacts with a pyrrole under various conditions are very important. The 
primary product, as with phenols, is probably a hydroxymethyl, or 
methylol, compound. Several such hydroxymethyl compounds are 
known. 2,4-Dimethyl-3-carbethoxypyrrolc reacts with formalin on 
gentle warming with a trace of alkali to form the 5-hydroxymethyl 
derivative. This, as are similar compounds, is unstable. On heating, 
formaldehyde is evolved and a dipyrrylmethane is formed. The di- 


0^0,0 

CH 


XT™’ : 

‘"Sr'CHiOH 


—01,0 

-11,0 


C,H»0;C 
CH 


'T-iT 0 ”’ CH, 1-T 

f X K y —ch,—\ y - 


COiCjHj 

CH, 


H 


H 


pyrrylmethane is formed directly from pyrrole and formaldehyde usu¬ 
ally with acid and is readily oxidized to a dipvrrylmethcne, structurally 
similar to cyanine dye types. The condensation of pyrrole with formal¬ 



dehyde in the presence of pyridine at elevated temperatures goes 
further, and a mixture of porphyrin-like compounds results from which 
porphyrin is obtained in low yield.*' 71 Many other aldehydes react 
similarly, and from benzaldchyde two products, tetraphenylporphyrin 


70 Pratesi. Gazz. chim. Hal.. 65 , 43 (1935). 

71 Terent’ev and Shadkina. Compt. rend. aead. tei. 
5873 (1947)|. 

77 Angeli. Der.. 67. 834 (1924). 

77 Rothemund. J . Am. Chem. Soc.. 61 . 2912 (1939). 


U.R.S.S.. 55, 227 (1947) IC. A., 41. 
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and its dihydro derivative, are obtained in 4-11% yield. 74 7S>7Sa Appar¬ 
ently in this type of reaction a porphyrinogen is formed and subsequently 
oxidized to the porphyrin. 



Other syntheses for dipyrrylmethenes and porphyrins can be related 
to the simple formaldehyde condensation. Thus, formic acid replaces 
formaldehyde; a pyrrole aldehyde is used; or an a-bromomethylpyrrole 
is condensed with an a-bromopyrrole.** Other carbonyl compounds 



form similar derivatives. 7 * w Acetone, for example, reacts with pyr¬ 
role 77,78 to form octamethylporphyrinogen. 

Structure. Pyrrole is considered to be a resonance-stabilized molecule 
to which the following resonance structures contribute. 7 * 80 



H H 



Ihe data indicating resonance stability calculated from bond energies 
or bond lengths are suggestive but inconclusive. Infrared and Raman 
spectra data indicate absence of the tautomeric pyrrolenine form *'•« 


74 Calvin, Ball, and Aronoff, ibid., 65, 2259 (1943). 
n Aronoff and Calvin. J. Org. Chem., 8. 205 (1943) 

,?V l 'f, DOrOU8h ; .nd dvia, J. Am. CUm. &c.. 68, 2278 (1948). 

(191TO M,k “ roV - RU “■ Pk "‘- CW «■ '« (1»10) (C. 8.. 11. 782 

” Deans tedt and Zimmorman. Ber.. 20, 2449 (1887). 

,1. ““ Tr ° n0V ' ^ ^ CW «• ‘97, 1,97 (19.0, |C. 8., 

79 Pauling and Sherman, J. Chem. Phyt., 1, 611 (1933) 

40 Ingold, J. Chem. Soc.. 1127 (1933). 

“ Zumwalt and Badger. J. Chem. Phyt., 7, 629 ( 1939 ) 

" L° r <I and Miller, ibid., 10, 328 (1942). 
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Similarities to benzenoid systems and the absence of basic properties 
usually associated with secondary amines also indicate the presence of 
resonance. The simple formula given first above is usually taken as a 
symbol for the resonating system. The presence of the pyrrolenine 
form has been postulated as an intermediate in substitution reactions to 
account for the ease of substitution.” The kinetics of iodination, pre¬ 
viously mentioned as showing N-methylpyrrole to iodinate more rapidly 




than those with an N—II, indicate that resonance rather than tautomeric 
forms are involved in substitution reactions."-** Other reactions, such 
as formation of isonitroso compounds and pyrrylmethenes, apparently 
require reaction in the tautomeric form. It is to be noted that resonance 
and tautomeric possibilities arc manifest in the porphyrin system .* 4 
Reduced Rings. There are three possible dihydropyrroles: 1-, 2-, and 
3-pyrroline. Reduction of pyrrole with zinc and acid gives 3-pyrroline. 


HjC-CH* 

H,C-CH 

1 1 

1 II 

H*C CH 

HjC CH 

\ ^ 

\ / 

N 

N 


H 


I 

H 2 C 


\ / 

N 

II 


CH 

I 

CHj 


2-Pyrrolines are formed from 7 -bromoketoncs and alcoholic ammonia, 
or from a-pyrrolidoncs and Grignard reagents, or from 0 -cyanokctoncs 
on reduction to the amines followed by cyclization." 1 -Pyrrolines arc 
possible tautomers of the 2 -pyrrolines. The 3 -pyrrolincs are strong 
bases, stable toward polymerization, and arc reduced to pyrrolidines 
only under vigorous conditions. The 2-pyrrolines are resinified on ex¬ 
posure to air, are readily reduced to pyrrolidines, and can be dehydro¬ 
genated to pyrroles." 

Pyrrolidine is formed by reduction of pyrrole or pyrrolme or by ring 
closure of 1 , 4 -dibromobutane, N-chlorodibutylamine," succinomtrile, 
or tetrumethylenediamine. The ring system, which is typically aliphatic 

M BruninR* and Corwin. J. Am. Chem. Soc.. 64 . 504 (1042). 

M Corwin, ref. 47. p. 1286. 

» Allen and Wilson. Or, C- Synlkrir*. 27. •« MOl.l. 

»* Coleniun • ( al.. H* «/.. 25. 14 (1015). 
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in its reactions, occurs in the natural amino acids proline and hydroxy- 
proline, in nicotine, and in other alkaloids. 

HjC-CH 2 

I I 

HjC chco 3 h 

\ / 

N 

H 

I’roline 

Pm line is obtained by reduction of 1,2-dicarbcthoxypyrrole with 
hydrogen over Raney nickel followed by hydrolysis of the 1,2-dicarb- 
cthoxypyrrolidine. 87 l,5-Dimethyl-2-pyrrolidone is formed from levu- 
linic acid and methylamine on reductive cyclization. 88 N-Vinylpyr- 
rolidone has attracted attention as a result of the use of its polymer, 
known as Periston, in blood transfusions by the Germans during World 
War II. The vinyl compound is formed from y-butyrolactam by vinyl- 
ation. 88 * 1 



Nicotine 


INDOLES 


The indole or benzopyrrole nucleus occurs naturally in the essential 
amino acid tryptophan and in the plant growth regulator heteroauxin. 
The technically important dyestuff indigo is also an indole derivative. 



CHjCH(NHj)COjH 


Tryptophan 



CHjCOtH 


Hcteroauiin 


Syntheses. Of the many miscellaneous syntheses of the indole nucleus 
two are of particular synthetic value: (1) the Fischer synthesis from 
phenylhydrazones and (2) the Madelung synthesis from o-acylamido- 
toluenes. 

The Fischer indole synthesis 88 takes place when a phenylhydrazone 
is heated with an acid condensing agent such as zinc chloride, sulfuric 
acid, or boron trifluoride. The last is preferred in many syntheses 90 
and gives yields of indoles varying from 7% of 2-carbethoxyindole from 
ethyl pyruvate to 87% of 2-phenylindole from acetophenone. 2-Phenyl- 
mdole is prepared in 75% yield using zinc chloride as the condensing 

*’ Signaigo and Adlans. J. Am. Chem. Soc., 68, 1122 (1936) 

" Frank 0r S- Si/nlheaea, 27, 28 (1947). 

Seo p. 71 of ref. 35a. 

" Van Order and Lindwall. Chem. Ras., SO, 79 (1942). 

Snyder and Smith, J. Am. Chem. Soc., 66, 2452 (1943). 
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agent. 91 The synthesis is limited in that indole itself has not been 
prepared from acetaldehydephenylhydrazone and also that pyrazolones, 
not indoles, arc formed from 0-keto esters and phenylhydrazines. Two 
mechanisms have been proposed to explain this reaction. Robinson 95 93 
proposed an orthobenzidine rearrangement of the hydrazone followed 
bv cyelization. 



On the basis of this mechanism Robinson predicted and successfully 
demonstrated the synthesis of tetraphenylpyrrole from the azine of 
desoxybenzoin as previously mentioned. Reddelein w suggested that 
the hydrazone is reduced to aniline and an inline. The imine is con¬ 
verted to an anil which is oxidized to the indole. 



The oxidation of acetophenone anil to 2-phenylindole by phenylhy- 
drazones supports this mechanism. In this reaction, the hydrazone 
oxidizes the anil and is, in so doing, reduced to the required aniline and 
anil. The fact that no benz-substituted indole is formed when the 
reaction is carried out in the presence of a substituted aniline argues 
against this mechanism. 93 

The Madelung synthesis 9596 of indoles is a cyelization of an o-acyl- 
amidotoluene by an alkaline reagent. In general the ring closure occurs 
when the acylamidotoluenc is heated at 360° with sodium ethoxide or 

*' Shrincr el at.. Org. Synlheara. 22. 98 (1942). 

” Robinson and Robinson, J. Chan. Soe., 125, 827 (1924). 

** Alien and Wilson. J. Am. Chan. Soe.. 65. 611 (1943). 

** Reddcloin. Ann.. 388. 179 (1912). 

* Madelung, Ber.. 45, 1128 (1912). 

»« Vcrloy. Butt. aoc. chim. France. (4| 36, 1039 (1924). 
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preferably at 250° with sodamide. By the latter procedure 2-methyl- 
indole is obtained in 80% yield. 97 



Indole itself is prepared from o-formamidotoluene, but the sodium 
reagents, which give no indole, must be replaced by potassium salts. 
A preferred procedure uses potassium /-butoxide at 350° to give a 79% 
yield of indole. 9 * 99 A combination of sodium mcthoxidc and potassium 
acetate gives a 37% yield of indole. 190 

The formation of indoles from a-halogenated or a-hydroxy ketones— 
the latter in the presence of a hydrohalogen acid—when heated with 
arylamines apparently takes place as follows. 100 * 


R C° Arif* R CO A rNH tj RC=NAr 

R'CHX R'CHNHAr R'CHNHAr 

M> 


At H 

\ / 

N 



The methods for preparing indole itself have becu carefully examined 
from time to time "■ 100101 because indole is a desirable starting material 
for the manufacture of the essential amino acid tryptophane 10,0 and 
also is a rather widely used perfume ingredient. In addition to the 
synthesis mentioned previously, the reduction of indoxyl, available as 


,J Allen and Allan, Org. Sj/nlheccs. 22, 94 (1942). 

" Tyson. J. Am. Chcm. Soc.. 63, 2024 (1941). 

M T* 300 - Org. Sunlhaa. 23. 42 (1943). 

‘^Galat and Friedman. J. Am. Chcm. Sec.. 70. 1280 (1948). 

,60a Julian d al.. ibid.. 67, 1203 (1945). 

O^T" “ d p0ly * k ° V, ■ KWm - Zkur - No - «•“« OM0) 1 C.A., 36. 3802 
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an intermediate in the manufacture of indigo, to indole in 35% yield 101 
and the Reissert synthesis 102 from o-nitrotoluene have been developed. 



+ (CO : C 2 H 6 ) 5 


NaOCjHt 
-> 


a CHjCOCOjCjH* 
NO, 


(«) Xo-HOAc 
<t» -CO; 



The manufacture of the indole derivative indigo is a large-scale in¬ 
dustry. About 2000 tons of pure indigo, or 25,800,000 lb. of the 20% 
paste which is the article of commerce, were produced in the United 
States in 1947. The pre-war German production was about 1500 tons 
(100%) annually. Much of this is exported to Asia, where apparel 
habits provide extensive outlets for blue denim and other solid blue 
fabrics. All the manufacturing procedures for indigo are based upon the 
synthesis of indoxyl, 3-hydroxy indole, followed by air oxidation of the 
indoxyl to indigo. 


Air 


ImJoiyl Indigo 




The first successful commercial synthesis was developed from the 
observation of Ileumann ,M that phenylglycine-o-carl>o.\ylic acid on 
fusion with alkali was converted to indoxyl. The starting material was 


a COjH 

NHCHjCOjH 



phtbalimide, from phthalic anhydride ex naphthalene, which was con¬ 
verted to anthranilic acid by hypochlorite and then to the glycine de¬ 
rivative with chloroacetic acid. A significant improvement in this proc- 

i« Reissert, Ber., 30. 1045 (1897); Shorygin and Polyakova. Khim. Rejerat. Zhur., No. 
4.114 (1940) [C. A.. 36. 3802 (1942)). 

Heumann. Ber.. 23, 3431 (1890). 
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ess was made possible by the observation that sodamide substituted for 
the alkali afforded excellent yields of indoxyl from N-phenylglycine. 
This reaction is the basis for the present-day manufacture of indigo. The 
advantage offered is in the use of aniline, which is a more available raw 
material than naphthalene. The reagent used is a mixture of sodamide, 
sodium oxide, and potassium oxide. The mixed salt permits fusion at 
220-240°, where better yields are obtained than at 300°, the fusion 
point in the absence of potassium. The N-phenylglycine is also pre¬ 
pared from aniline, formaldehyde, and sodium cyanide. The equations 
for these reactions are 



NHi 

+ CHjO + N«CN 


NftHSOi 



UOHjC.N 



NH, KOH 


1 KOH. NtOII 
XHCBiCOHK. N») 



During the Second World War the Germans developed continuous 
processes for carrying out these steps as well as a pilot plant at Hoechst 
for the continuous manufacture of indoxyl by an alternate process 
starting with aniline and ethylene oxide. 104 This process involves for¬ 
mation of the disodium salt of 0-hydroxyethylaniline and its conversion 
to indoxyl by dehydrogenation at 300° and ring closure at 250°. The 
amino alcohol is prepared from ethylene oxide and aniline. 



NHCHsCHtOH 


|^|N(Na)CH s CH,ONa 



Ring Stability. The indoles are moderately stable toward oxidation 
although they are readily decomposed by permanganate. N-Benzoyl- 
mdole, for example, is oxidized to benzoylanthranilic acid by permanga¬ 
nate. Heating with potassium hydroxide, which oxidizes alkylindoles 
to indolecarboxylic acids, converts indole to o-toluidine. 10 ‘ Various 
oxidizing agents, particularly hydrogen peroxide, oxidize indole to indigo 
Other reactions of mdoles such as hydrogenation, which may lead to 


Kern and Stanaraon, Chem. Bng. Nom, 24. 3164 (1940) 
Weiaagerber and Saidlar, Bar., 40, 2090 (1927) 
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hydrogenolysis, and resinification by acids probably involve an initial 
addition reaction at the 2,3-bond. Ring enlargement to a 3-chloro- 
quinoline takes place in the reaction of indole, 2-methylindole, or 
3-methylindole with chloroform and alkali. 106 

Addition Reactions. Hydrogen adds under a variety of mild con¬ 
ditions to indoles. 2,3-Dihvdroindoles are formed in 50-70% yield with 
copper chromite catalyst, and octahydroindoles in 80% yield with 
Raney nickel catalyst. 107 Under vigorous reducing conditions, the 
indole ring is opened to form 2-alkylcyclohexylamines. Self-addition 
reactions take place under the influence of dilute acids. Resinification 
or dimerization may take place depending upon the conditions. In¬ 
dole and skatolc dimers appear to be formed by 1,2-addition at the 
2,3-bond. 105 Sodium bisulfite also adds to indoles. 

Substitution Reactions. The pyrrole ring in the indoles readily under¬ 
goes substitution reactions. The general pattern of reactions is similar 
to that observed with pyrrole itself except that many of the reactions 
which with pyrroles introduce 2-substituents lead to 3-substituted in¬ 
doles. Thus, in alkylation or acylation by heating an indolylmagncsium 
halide with an alkyl or acyl halide, the alkyl or acyl group enters the 
3-posit ion. ,09 no This reaction can be visualized as shown. Alkylation 





of 2-methylindole, a reaction not possible with indole itself or 3-methyl¬ 
indole, with sodium alkoxides introduces a 3-alkyl substituent. 1 " Re¬ 
action of either the sodium or magnesium salts with carbon dioxide gives 
principally the 3-carboxylic acid, although substitution on the nitrogen 
at low temperature, and in the 2-position if the 3-position is occupied, 
is also known. Reaction of indole with chloroform and alkali, as with 


Ellinger el at.. Iter.. 39. 2520. 438S (1906). 

Ad kins and Coonradt. J. Am. Chcm. Soc.. 63. 1563 (1941). 

•••Scliniits-Dumont al.. Ann.. 614. 267 (1934): Iter.. 71. 205 (1938); 63. 323 (1930). 
,0 * Oddo and Sessa. Cua. chim. Hat.. 41 I. 234 (1911). 

"* Salway. J. ('hem. Soc.. 103. 353 (1913). 

»'» Oddo and Alberti. Gazx. chim. Hal.. 63. 236 (1933). 
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pyrrole, gives a mixture of 3-chloroquinoline and 3-formylindole. 106 
Amyl nitrite in the presence of sodium ethoxide introduces a 3-nitroso 
substituent and reaction with a diazonium salt introduces a benzeneazo 
substituent in the 3-position of 2-methyl indole. 2-Methylindole is 
converted to a 3,x-dinitro compound on reaction with fuming nitric 
acid." 2 Gattermann-Hoesch acylation "* also introduces a substituent 
in the 3-position. Mercuration of indole with mercuric acetate gives 
the 2,3-diacetoxymercuri derivative. 

Ilalogcnation of indoles by direct action of chlorine or bromine is 
accompanied by much decomposition. Sulfuryl chloride in ether con¬ 
verts indole to a monochloro compound and to 2,3-dichloroindolc. m 
The dichloride is also formed from oxindole or dioxindole and phos¬ 
phorus pentachloride. Chlorination or bromination of N-benzoylindolc 
in carbon bisulfide also forms monohalo derivatives. 111 Iodine in the 
presence of alkali readily forms a monoiodo compound from indole or 

2- methyl indole but fails to react with 3-methylindole. 11 * The position 
of the halogen in the monohalides is not known with certainty. The 
reluctance of 3-methylindole to form a monoiodide shows that the 3-po- 
sition is more readily substituted and suggests that the monohalides are 

3- haloindoles. The monohalides are, however, readily hydrolyzed by 
dilute acid to oxindole, and this indicates that they are 2-substitutcd. 

Sulfonation of indole with the pyridine-sulfur trioxide complex at 
140° gives a quantitative yield of indole-2-sulfonic acid. It is believed 
that the 2-position is substituted because skatole, but not 2-mcthyl- 
indole, is similarly sulfonatcd. ,,7>m Alkali converts the 2-sulfonic acid 
to oxindole. 

The indoles undergo substitution reactions with aldehydes or ketones 
which lead to diindoylmethanes (A) or 0-alkylidcnepseudoindolcs 
(indolcnines) Both isatin and oxindole undergo halogcnation, 



CHR 


u> 




Walter and Clemen. J. praki. Chan.. SI. 275 (1900). 

"* Soka. Her.. 56. 2058 (1923). 

114 Mmi ““ Borgo. Gazx. chim. Hal.. 35 II. 563 (1905) 

,u Wcisagerber. Btr.. 46. 654 (1913). 

"* Pauly and Gunderroann. Ber., 41, 4001 (1908). 

SM OMSH.” " d TSymb ‘ 1 ' CM " Pl - ^ U * S -S- *33 (1947) |C. A.. 43, 

“■ 689 <194S > |C - A - «• 3*33 (1947)1. 

Burr and Gortner. J. Am. Chan. Soc.. 46. 1224 (1924). 
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nitration, and sulfonation, to give 5-mono- and 5,7-di-substituted de- 
ri vatives. 120 

Structure. In general the behavior and reactions of indoles parallel 
so closely those of pyrroles that the structure of the pyrrole ring in each 
is considered to involve similar resonance possibilities. Pseudoindoles, 

CXJ' 

N 

or indolenines, are formed by complete alkylation or by synthesis, as 
from phenylmcthylhydrazine and methyl isopropyl ketone by the 
Fischer reaction. 

Isoindole. Although simple types are not common, the isoindole ring 
occurs in the valuable phthalocyanine dyestuffs which are prepared 
from phthalonitrile or o-cyanobenzamide. The porphyrin-like ring is 
remarkably stable, probably because of resonance hybridization, and 
forms a brilliant blue copper derivative which is an unusually fast 
pigment. This copper complex can be sublimed unchanged at 550° and 
is unaffected by molten potassium hydroxide, solution in concentrated 
sulfuric acid, or boiling hydrochloric acid. Chlorination introduces 
chlorine atoms in the benzene ring to give a green pigment. 151 



Carbazole. Carbazole ,R is one of the more plentiful coal-tar con¬ 
stituents. It is found not with the coal-tar bases but in the anthracene 
fraction, from which it is separated by fusion with alkali. An interesting 

•» Sumpter. Chem. Rev,.. 34. 404 (1044); 37. 400 (1015). 

•»' Dalilon. Ini. Rng. Chen,.. 31. 839 (1930). 

'= Cnmpl>ell ami Barclay. Chem. Rev,.. 40. 359 (1017). 


HETEROCYCLIC CHEMISTRY 


7G3 


product derived from carbazole is poly-N-vinylcarbazole, a transparent 
thermoplastic polymer softening around 250° and of use in electrical 
insulation. The carbazole ring is formed by nitrous acid treatment of 


6 4 




o-aminodiphenylaraines, in the Graebe-UUmann syntheses: 



and from cyclohexanone phenylhydrazonc in the Borsche synthesis, 
which is the analog of the Fischer indole synthesis: 

a^o-cgo 

N N 

H H 

Many reagents, of which palladium-carbon catalyst appears to be 
best,'” have been used with varying success to dehydrogenate the re¬ 
sulting tetrahydrocarbazole. 

Substitution reactions are readily accomplished. The active po¬ 
sitions are those para and ortho to the imino group, 3- and 6- followed 
by 1- and 8-. Mono nitration gives 75% of 3-nitro and 4% of 1-nitro- 
carbazole and under more vigorous conditions 1,3,6,8-tetranitrocar- 
bazole. Bromination provides 3-; 3,6-; 1,3,6-; and 1,3,6,8-types. Iodi- 
nation gives 3-mono- and 3,6-diiodo derivatives. Friedel-Crafts acvl- 
ation gives 3,6-diacylcarbazoles directly, and the 3-acyl or alkyl deriv¬ 
atives are formed by heating an N-acyl- or N-alkylcarbazole with 
aluminum chloride. Potassium carbazole and carbon dioxide form the 
• 1-carboxylic acid. 

“ Horning, Homing, and Walker. J. Am. Chem. Soc.. TO, 3936 (1948). 
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Bv various methods hydrogen is added to carbazole to form tetra-, 
hexa-, octa-, deca-, and dodecahydrocarbazoles. The octa- and deca- 
hydro compounds have the structures shown. The former is synthesized 

0..0 Q.O 

H R 

by cyclization of 2,2-dicyclohexanone and an amine. Dodecahydro- 
carbazole is formed on catalytic hydrogenation. 107 Oxidation of car¬ 
bazole with neutral potassium permanganate provides two dicarbazyls, 
one of which has been shown to be 9,9'-dicarbazyl. 


THIOPHENES 

Most students of organic chemistry know the famous story of Victor 
Meyer’s unsuccessful lecture experiment with the indophenin test for 
benzene and his resultant discover}' of thiophene. The brilliant initial 
research by Meyer and his students along with the syntheses of valuable 
dyes from thianaphthene provided early interest in the field. More 
recently the commercial interest in thiophene, the preparation of thio¬ 
phene antihistaminics, and the demonstration that biotin contains a 
thiophane ring have created renewed interest in thiophene chemistry. 
Thiophene and its derivatives are found in coal-tar and shale-oil distil¬ 
lates. 

Syntheses. There are two types of thiophene syntheses. They 
involve (1) cyclization of a four-carbon system with sulfur and (2) com¬ 
bination of two two-carbon systems with sulfur. Most widely used of 
the four-carbon syntheses is the conversion of 1,4-dicarbonyl compounds 
to thiophenes by phosphorus sulfides. Thus, acetonylacetone is con¬ 
verted to 2,5-dimethylthiophene in 70% yield. 124 Many compounds 

CH,COCH 2 CH 2 COCH, — chJL Jch, 

s 

I 

which can theoretically form a 1,4-dienol system, —C(OIi)—C— 

<•^_C’(C)II)—, arc convertible to thiophenes in this reaction. Reactants 
which might form thiolthiophcnes. such as levulinic acid, usually form 


n« Buu-Hoi and Nguyen-lloan. Rec. Irat. chim.. 67. 309 (1948). 
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thiophenes themselves, presumably through the reducing action of the 
phosphorus sulfides. 125 

CHjCOCHjCHjCOtH - ^ ^ J 

s s 

Reactants and the thiophenes obtained from them are listed in Table 
V. The phosphorus sulfide reagent commonly used is formed by heating 
together two moles of red phosphorus with three of sulfur; the mixture 
consists mostly of phosphorus heptasulfide, P4S7, with some sesqui- 
sulfide, P4S3. Evidence also indicates the necessity of a dehydrating 
agent in this cyclization. 125 Thiophene itself is synthesized 157 by distil- 


TABLE V 


Thiophenes from 1,4- Dicarbontls and Phosphorus Sulfides 


Reactant 

Product • 

Reference 

Succinuldehydc 

— 

127a 

Succinic acid 

- (30%) 

127 

Lcvulinic acid 

2-Methyl 

125 

Acctonylacetone 

2,5-Dimethyl (70%) 

124 

Phcnacylacetone 

2-Mcthyl-5-phenyl (60%) 

1276 

a,0-DibcnzoyIethane 

2,5-Dipheoyl 

126 

a-Methylsuccinic acid 

3-Methyl 

127c 

<*,a'-DimcthyLsuccinic acid 

3,4-Dimethyl (21%) 

127 d 

3-Methylacetonylacetone 

2,3,5-Trimethyl 

127c 

Mucic acid 

2-Carboxy (10%) 

127/ 


• Substituents in thiophene nucleus. 


lation from a mixture of phosphorus sulfide and sodium succinate. As 
with the synthesis of furans from 1,4-dicarbonyl compounds, this re¬ 
action may proceed by addition of the thioenol, formed from one car¬ 
bonyl to the other carbonyl followed by dehydration. 

The conversion of butane and 1,3-dienes to thiophene is another type 
of four-carbon synthesis. The reaction is a dehydrogenation and takes 
place in the vapor phase. 3-Methylthiophenc is obtained in 47% yield 


'“Chrzaszczewska. Rocsniki CW. 5. 33 (1925) [C. A., 20, 1078 (1926)1. 

Ab “ ,whAm - chm - 

“ T Phillips, Org. Syntheses. CoU. Vol. 2, 578 (1943). 

Harris, her.. 34, 1496 (1901). 

UH P*«l. her., 18. 369 (1885). 

U7 ‘ Volhard and Erdmann, Ber., 18, 465 (1885). 

Wd Zelinsky, her.. 21. 1836 (1888). 

“!* Y0Ut * and Perkina * J • Am • Chenu Soc., 61, 3511 (1929) 
m/ Paal and Tafel, Ber.. 18 . 456 (1885). 
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from isoprene and sulfur at 350° ,JS and thiophene in 50-80% conversion 
from butane and sulfur at 560°. 159 Attempts have been made to com¬ 
mercialize this reaction. The reaction with butane is shown. Other 

CHsCHsCHtCH, CH,CH,CH=CH 2 4 

-f 

us 

CHj=CH—CH=CHj 4 J + H»S 

HjS S 


examples of this type of cyclization are the conversion of styrene and 
hydrogen sulfide to thianaphthene in 60% yield at 600° over an iron 
sulfide-aluminum oxide catalyst 130 and the conversion of a fused mixture 



-) 

GOO* 



of biphenyl and sulfur with aluminum chloride to dibenzothiophene in 
65% yield. 131 A free-radical mechanism has been proposed to explain 
this reaction. 131 * 

The combination of two two-carbon systems with sulfur is typified by 
the conversion of ethylene or acetylene to thiophene. Thus, acetylene 
reacts with sulfur at 500° to form 9-12% of thiophene and 6% of thioph- 

thene. m _ 

CH=CII + S -> |T~J| + J 

s s 


Ethylene passed over pyrites at 400-600° gives thiophene in sufficient 
quantity to make the reaction a preferred laboratory synthesis. 133 This 
type of reaction has also been successfully used in the synthesis of sub¬ 
stituted thiophenes. Stilbene heated with sulfur at 250° forms tetra- 

C.IUCH C.H*C-CC e H* 

2 II +S-* || || 

C«H*CH C«HjC CC e H 6 

S 


**• Shepard, Hcnne. and Midgley. J. Am. Chem. Soc., 66. 1355 (1934). 
u* Rasmussen. Hansford, and Sachanen. Ind. Eng. Chem.. 38, 376 (1946). 

1,0 Moore and Grcensfcldcr. J. Am. Chem. Soc.. 69. 2008 (1947). 

1,1 Gilman and Jacoby. J. Org. Chem.. 3, 108 (1938). 

u,a Horton, ibid., 14, 761 (1949). onftS 

«» Challenger and Gibson. J. Chem. Soc.. 305 (1940): Pool and Robinson, tbtd.. 

928). 

“* Barger and Easson. ibid.. 2101 (1938). 
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phcnylthiophcnc in 60% yield. This compound, also known as thio- 
nessal, was prepared first in 1844 by heating polythiobenzaldehydc and 
has since been prepared from many other thio functional derivatives of 
benzene. Acetylenedicarboxylic ester reacts with sulfur at 150° 151 to 
form tetracarbomethoxythiophene. 

CCOjCHa HjCOjCC-CCOjCH, 

2 H +S- || || 

CCOjCHa HjCOjCC CCOjCHj 

\/ 

s 

A synthesis of 2,4-diarylthiophcncs from acetophenones has been 
developed to give good yields. 1 * 4 * A compound of unknown structure, 
“anhydroacetophenone disulfide,” is formed in 57% yield from aceto- 


TABLE VI 

Substitution Reactions of Thiophenes • 


Reagent and Conditions 

Product and Yield 

Reference 

Halogenalion 

Chlorine, 50-150° 

2-; 2,5-; 2,3,4-; 2,3,5-; 
2.3,4,5-Chloro 

135, 136 

Sulfuryl chloride 

2-Chloro (43%) 

137 

Sulfuryl chloride f 

5-Chloro (77%) 

137 

Bromine in HOAc, 0° 

2-Bromo (56%); 2,5-dibromo- 

138 

Bromine 

2,5-Dibromo 

139 

Iodine, HgO 

2-Iodo (72%) 

140 

Bromine f 

3-; 5-; 3,5-Bromo 

141 

NUralion 

Fuming HNOj, AcjO 

2-Nitro (70%). 3-nitro (5%) 

142 

HNO, X 

2,4-; 2.5-Dinitro 

143 

HNOa§ 

4- and 5-Nitro 

144 

• Unless otherwise indicated 

the reaction is with thionhene. 


t 2-Methylthiophcne. 

J 2-Nitrothiophene. 

§ 2-Carboxythiophcnc. 


m Michael, Ber., 28. 1635 (1895). 

,IU Campoigne, J. Am. Chem. Soc.. 6$, 684 (1944). 

18 Coonradt and Hartough. ibid., 70, 1158 (1948). 

'** Hartough. and Johnson, ibid., 70, 2568 (1948). 

* Campaigno and LeSuer, ibid., 70, 415 (1948). 
m Blicko and Burckhalter, ibid., 64, 477 (1942). 

Mosingo el al.. ibid., 67, 2092 (1945). 

,w Minnis, Org. Sunlhee*. CoU. Vol. 2, 367 (1943). 

,u Steinkopf, Ann., 613, 281 (1934). 

,u Steinkopf, Arm.. 403, 17 (1913). 

,u Steinkopf and Hdpner, Ann., 601, 174 (1933). 

144 Rinkes, Rec. tra*. chim., 61, 1134 (1932). 
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TABLE VI (Continual) 
Substitution Reactions of Thiophenes • 


Reagent and Conditions 

Product and Yield 

Reference 

Sulfonation 

H 2 S0 4 (95%) 

2-Sulfo (69-76%) 

145 

H 2 S0 4 , fuming || 

2,4- and 2,5-Disulfo 

143 

Alkylation 

Olefin, AI 2 0j-Si0 2 ; 

2-Alkyl (up to 80%) 

146.147 

H 2 S0 4 ; or BF 3 

Acylation 

(CHjCO) 2 0, h 3 po 4 

2-Acetyl (74%) 

148 

CH 3 C0C1, SnCl 4 

2-Acetyl (80%) 

149 

(CH 3 C0) 2 0, clay 

2-Acetyl (87%) 

149a 

RCOCI, AICls S 

3-Acyl (60%) 

124 

CeHftCOCI, AICls 

2-Benzoyl (90%) 

150 

Mercuration 

HgCl 2 , NaOAc 

2,5-Chloroincrcuri (66%) 

151 

Hg(0Ac) 2 , HOAc, boil 

Tctraacetoxymercuri (quant.) 

152 

Chloromelh ylalion 

CHjO, HC1, 10° 

2-ChIoromethyl (47%) 

153 

CH 2 0, HCI, 50° 

2,5-Dichlororaethyl (78%) 

154 


|| 2-Chlorosulfonylthiophene. 

^ 2,5-Dimethylthiophene. 

phenone and hydrogen sulfide in the presence of acid. This compound 
is dehydrogenated to 2,4-diphenylthiophene in 83% yield over copper- 
chromium oxide catalyst. 

Substitution Reactions. The thiophene nucleus is substituted more 
easily than the benzene nucleus. This relative ease of substitution, 
which led Meyer to describe thiophenes as superaromatic, permits iso¬ 
lation, through mercuration, or removal, through sulfonation, of thio- 

>* Stein kopf and Ohae. Ann., 437, 14 (1924). 

'*• Kutz and Corson. J. Am. Chem. Soc.. 68, 1477 (1946). 

,4T Caesar, ibid., 70, 3623 (1948). 

“» Kosak and Hartough. Org. Syntheses. 28, 1 (1948). 

149 Johnson and May. Org. Syntheses, Coll. Vol. 2, 8 (1943). 

Hartough. Kosak. and SardeUn. J. Am. Chem. Soc., 69. 1014 (1947). 

140 Minnis, Org. Syntheses. Coll. Vol. 2, 520 (1943). 

«*» Steinkopf and Killingstad. Ann.. 532, 288 (1937). 
u* Paolini and Silbormann. Gaze. chim. dal., 46 II. 385 (1915). 

iu Blicke and Leonard. J. Am. Chem. Soc., 68, 1934 (1940). See also Org. Syntheses, 
29, 31 (1949). 

im Griding and Salisbury. 7. Am. Chem. Soc., 70, 3416 (1948). 
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phene and its derivatives from coal-tar hydrocarbons. Most types of 
substitution reactions have been observed with thiophenes. These 
include chlorination, bromination, iodination, nitration, sulfonation, 
alkylation, acylation, mercuration, and chloromethylation. Examples 
of reagents, conditions, and products are given in Table VI. 

Many reactions illustrate the relative ease of substitution as compared 
to benzene. Striking examples are mercuration of thiophene with mer¬ 
curic chloride, which is unknown with benzene, and the coupling of 
2-acetamidothiophene with diazonium compounds, 156 unknown with 
acetanilide. 2-Methylthiophene is chlorinated or brominated, even 


0 2 NC«H,N 2 0Na + 


C3-n 


NHCOCH; 


OjNC«H 4 N= 


NHCOCHj 


while boiling in the sunlight, in the nucleus and not in the side chain. 
However, nitration past the dinitro stage is not possible. 

The 2-position in the ring is more easily substituted than the 3-position 
and if open almost always reacts first. In some reactions, for example 
nitration, small amounts of the 3-substituent are formed and the presence 
of a 2-sulfo or 2-nitro group directs an entering group, at least partially, 
into the 4-position. Compounds substituted only in the 3-position 
requiro special syntheses. 3-Nitrothiophene is obtained from the mix¬ 
ture of 4- and 5-nitrothiophenecarboxylic acids. Thiophene-3-sulfonic 
acid is obtained by sulfonation of 2,5-dibromothiophene to the 3-sulfo 
compound followed by removal of the bromine atoms by sodium amal¬ 
gam. 3-Bromomethylthiophene, obtained by bromination of 3-methyl- 
thiophene with N-bromosuccinimide, is useful as an intermediate in 
preparing other 3-substituted thiophenes. 

Substitution reactions with substituted thiophenes are often com¬ 
plicated by the replacement of one substituent by another. Types of 
replacements which have been observed are listed in Table VII. The 
most common reaction is replacement of a group during bromination by 
a bromine atom. Bromine has been observed to replace chlorine, iodine, 
alkyl, acyl, carboxyl, sulfo, nitro, and acetoxymercuri groups. Replace- 
meat reactions are used in the preparation of otherwise difficultly acces- 

? “ VeS ° f thi °P hene - Th us. 2,3-dichlorothiophene is prepared 
from 2,3-dibromo-5-carboxythiophene by replacement first of bromine 
with chlorine then of carboxy with acetoxymercuri then hydrogen. 

« Hurd and Priestley. /. Am. Chtm. Soc.. 69. 859 (1947). 

Campaign© and LeSuer, ibid.. 70, 1555 (1948). 
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3,4,5-Trinitro-2-acetamidothiophene is prepared from the triiodo com¬ 
pound by replacement of iodo with nitro groups. 156 Tetraiodothiophene 
results from tetraacetoxymercurithiophene by reaction with iodine. 157 


TABLE VII 

Replacement of Substituents in Thiophene Substitution Reactions 


up Replaced 

Replaced by 

Br 

Cl, I, NO*, SOjH, Acyl, diazo 

I 

Cl, Br, NO*, SOjH, Acyl, diazo 

COjII 

Cl, Br, NO,, HgOAc (2 not 3) 

Acyl 

Br, SOjH 

HgOAc 

Br. I 

NO* 

Br 

Alkyl 

Br 

SO,H 

Br 

HgCl 

Acyl, I 


Addition Reactions. The thiophene nucleus undergoes addition re¬ 
actions with hydrogen and halogens but does not add maleic anhydride 
as docs furan. IM>,M The catalytic addition of hydrogen 1,9 to thiophenes 
takes place at 2-4 atm. and room temperature over a palladium catalyst 
to form tetrahydrothiophenes. Sodium amalgam converts 2,5-dicar- 
bethoxythiophene to its tetrahydro derivative. The chlorine addition 
products of thiophene separate as crystals or are fractionated from re¬ 
action mixtures of chlorine and thiophenc. ,,5 They are converted by 
treatment with alkali to chlorothiophenes. 




KOH 2.5-Dichlorothiophene, 2% 

-► 2,4-Dichlorotliiophene, 44% 

3,4-Dichlorothiophene, 54% 


Ring Stability. The thiophene ring is stable at high temperatures and 
to many chemical reagents. When passed through a red-hot tube, thio¬ 
phene is converted into 2,2'- and 3,3-bithienyl. The ring is not ruptured 
on oxidation of acyl side chains to carboxyl groups with sodium hypo¬ 
chlorite; 160 on nitration or sulfonation at low temperatures; on alkyl¬ 
ation or acylation with various Friedel-Crafts catalysts; on refluxing 
with sodium; or with permanganate. Under other conditions, par¬ 
ticularly with strong acid or alkali at elevated temperatures or with 
oxidizing agents, the ring is cleaved. Reagents that cause rupture of 


»»* Pricstloy and Hurd. ibid.. 69, 1174 (1947). 

147 Steinkopf. Schmitt, and Fiedler. Ann.. 627, 247 (1937). 

Diels. Ber.. 69A, 195 (1936). 
u» Delaby. Bull. toe. chim. France. (5] 4, 774 (1937). 

,M Hartough and Conley. J. Am. Cfiem. Soc.. 69. 3096 (1947). 
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the ring are aluminum chloride; potassium; hydriodic acid at 110°; 
concentrated sulfuric acid; fuming nitric acid; thallium hydroxide; and 
hydrogen peroxide. 

The indophenin test for thiophenes depends upon the condensation 
of a 1,2-dicarbonyl compound, such as isatin, benzil, or phenanthra- 
quinone, with a thiophene that has hydrogen atoms in the 2,5- or 2,3-po¬ 
sitions to form a blue, red, or violet color. The isatin-thiophene product 
formed in the presence of concentrated sulfuric acid is as shown. 161 



Reduced Rings. Dihydrothiophene, or thiolenc, and tetrahydro- 
thiophene, or thiophane, types are known. The cyclic sulfones formed 
from 1,3-dienes are of the dihydro type. 1 " Butadiene and isoprene 
cyclic sulfones decompose on heating to 135-140° and have been used 
as a means of purifying butadiene. 1 ** 

HC—CH 

CHa=CHCH=CHj + SO* «=± | | 

H*C CH, 

\/ 

S 

0 , 

Thiophanes arc prepared from 1,4-dibroino compounds and sodium 
sulfide ,M and by catalytic '»• or sodium reduction of thiophenes. Keto, 
amino, and carboxy derivatives are of interest as intermediates in the 
synthesis of biotin (A). The key intermediate in three successful biotin 


C 

/\ 

HN NH 

I I 

HC-CH 

I I 

H,C CH(CH,) 4 CO,H 

S 

U) 

1,1 SUinkopf and Hansko. Ann., 641, 238 (1939). 

Stnudingcr and Ritzentholor, Ber., 68, 455 (1935) 

S9 '"l^ k “ ,nd - En ‘- CUm - "■ 887 < 1M7 >: «nd Seven, Or e . S^c. 29. 

Marvel and Williams, J. Am. Chem. Soc.. 61, 2714 (1939). 
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syntheses j s a 2,4-disubstituted-3-ketothiophane. The syn¬ 

thesis of such a thiophane was achieved in each of these syntheses by a 
Dicckmann cyclization as follows. 

R0 2 CCH. COjR NaOH 

I + I —> 

CHsSH BrCH(CH 2 ) 4 C0 2 R 


ROjCCHj COjR 

I I 

HjC C H(CH,) 4 C0 2 R 

\/ 

S 


N»OC»H t 
r.H* > 


ROjCCH-C=0 

I I 

H 2 C CII(CH 2 ) 4 C0 2 R 

\ / 
s 


The ketothiophane is then converted to 3,4-diamino-2-($-carbometh- 
oxybutyl)thiophane through standard reactions and treated with phos¬ 
gene to form biotin. 

Thianaphthenes. Thianaphthene is formed from o-alkylthiophenols ,M 
and other o-substituted thiophenols of which o-thiolcinnamic acid and 
o-thiol-0-chlorostyrene are examples, or in G0% yields on passing styrene 
and hydrogen sulfide over an iron sulfide-aluminum oxide catalyst at 
GOO 0 . 130 Halogenntion, nitration, sulfonation, mcrcuration, chloro- 
methylation, 1 * 9 or Friedel-Crafts acylation converts thianaphthene to 
3-substituted derivatives. Sodium reacts at 25-30° to give a red pre¬ 
cipitate, which in turn reacts with carbon dioxide to form the 2-car- 
boxylic acid. Sodium and alcohol reduction causes ring fission princi¬ 
pally, although some dihydrothianaphthene is obtained. Oxidation 
with nitric acid at room temperature gives the sulfone. 16 ** 

Considerable interest in thianaphthenes developed after the obser¬ 
vation that the 3-hydroxy derivatives arc oxidized by air or mild oxi¬ 
dizing agents to a class of violet-red dyes known as thioindigos. These 
dyes are of practical value because of their fastness. 



3-Hydroxy thianaphthene is formed from the acid chloride of phenyl- 
thioglycolic acid by treatment with aluminum chloride. 

i« Baker ft al.. J. Org. Chem., 12, 186 (1947). 
u« Harris el al., J. Am. Chem. Sac.. 67, 2096 (1945). 

,ei Griissner. Bourquin. and Schnider. Help. Chim. Ada, 28, 517 (1945). 

• 6 * Hansch and Blondon, J. Am. Chcm. Soc., 70, 1561 (194S). 

*«• Blicke and Sheets, ibid.. 70. 3768 (1948). 

Challenger and Clapbam. J. Chem. Soc., 1615 (1948). 
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OOCl «, -CO |^| J-OH 

/ cH * / CH? J 

s s 


The compound couples with diazonium salts, as does naphthol, and 
condenses with carbonyl compounds, such as benzaldehyde, to form 
arylidene compounds. In the latter reaction 1,2-dicarbonyl compounds 
form indigoid dyes. 

Dibenzothiophene is prepared, as mentioned previously, from biphenyl, 
sulfur, and aluminum chloride. 131 It can also be prepared from 2,2'-di- 
hydroxybiphenyl and phosphorus pentasulfide or sulfur. 1696 It under¬ 
goes halogenation, nitration, sulfonation, metalation, and acylation 
to 2-mono- or 2,8-disubstituted derivatives. Oxidation with potassium 
dichromate forms the sulfone which is reduced by sulfur to dibenzothio¬ 
phene. 16 * The sulfone is nitrated and brominated to the 3,7-dinitro 



and 3,7-dibromo derivatives. The difference in orientation on substi¬ 
tution is attributable to the directive effects of the sulfide and sulfone 
linkages. The former directs the entering group to the para (2-) po¬ 
sition; the latter, to the mela (3-) position. 1 * 1 - Dibenzothiophene forms 
a 1,4-dihydro derivative with sodium in liquid ammonia. 


PYRAZOLES 

The pyrazoles are readily prepared and show in their reactions a 
clearly defined aromaticity. Early recognition of this character stimu¬ 
lated structural studies with pyrazoles, chronologically paralleling sim- 
dar studies with benzene. Technical products of considerable utility 
have been developed from l-phenyl-3-methyl-5-pyrazolone. These are 
the antipyretics known as antipyrine and pyramidonc and the pyrazolone 
dyes. The last are used in color photography as magenta color former. 
No naturally occurring pyrazoles have been found 
Syntheses. The two types of reactants from which pyrazole and 

™, U n C ,k T , nngS are prepared are Mrazines and diazo com¬ 
pounds. These two reactants have respectively an —N—N— and a 

mCuUlMn.. Davies, and Davie®, ibid L. 1435 (1936). 

Cull mane and Davies. Rec. tr*,. 65. 881 (1936). 
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C ^ bond system and readily form pyrazoles, pyrazolines, 

pyrazolones, and pyrazolidines. Pyrazole formation by a reaction that 
unites the two nitrogen atoms is unknown. 

Pyrazoles are formed from the hydrazones of 0-dicarbonyl com¬ 
pounds, RCOCIIoCOR, or acetylenic carbonyl compounds, RC=CCOR. 

RCOCHcCOR + N ; H 4 -♦ RCCHjCOR 

II 

NNH, 



N 


/ II 

RC=CCOR + N 2 H 4 — RC—CCR RCCHjCOR 

II or || 

H*NN NNH 2 

Substituted hydrazines, RNHNH 2 , react to give 1-alkyl or arylpyra- 
zoles. 1,3-Diketones, malonaldehyde, hydroxymethylenc ketones, 
RC(=CHOH)COR, ,70ni a variety of acetylenic kctones, ,7J - ,U171 and 
acetylenic thioamides, RCsCCSNHR, 174 have been used to prepare 
pyrazoles from hydrazines. The reaction usually takes place on 
warming the reactants together in a solvent. 0-Keto esters can give 
5-pyrazolones but are converted to 5-cthoxypyrazoles by hydrochloric 
acid. 176 The intermediate stages in these reactions have not been es¬ 
tablished. Three intermediates possible in the diketone reaction are a 
4-isopyrazole (/l), an enolic hydrazone (£), and a carbonyl addition 
product (C). 3,4,4,5-Tetramethvlpyrazole (.1) is formed from hydrazine 


(CH 3 ),C— 

—CCHi 

RCCH—C(OH)R 

RCCHjC(OH)R 

1 II 

II 

II 1 

c II a C 

N 

NNHR 

N-NR 

% / 



N 



(A) 

(fl) 

(C) 


and 3,3-dimcthyl-2,4-butanedione (dimethylacctylacetone). On heating 
with acid it is converted to 1,3,4,5-tetramethylpyrnzole. This structure 
(A) cannot, however, function as an intermediate stage in the formation 

170 v. Auwera and Mauss, Ann.. 452, 182 (1927). 

,M Panizzi and Sbrillo-Sicna, (!au. chim. ilal., 73, 335 (1943). 

171 Nightingale and Wadsworth. J. Am. Chtm. Soc., 67, 416 (1945). 

Bowden and Jones. J. Chrm. Soc.. 953 (1946). 

174 Honckcl and Weygand. her., 76, 812 (1943). 

i» Worrall. Lcrncr. and Washnoclc. J. Am. Chem. Soc.. 61, 105 (1939). 

Backer and Meijer. Rcc. Irav. chim.. 45 . 428 (1926). 
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of 1-substituted pyrazoles from substituted hydrazines, RNIIN1I 2 . 
This reaction can proceed through ring closure of the cnolic form of the 
hydra zone ( B) or dehydration of the carbonyl addition product 177 (C). 
The last accounts for formation of either isopyrazole (A) or pyrazolc 
on dehydration. With an unsymmetrical diketone or acetylenic ketone, 
and an aryl or alkyl hydrazine, RNHNH 2 , a mixture of two isomers is 
formed. With a diketone, the two isomers result from formation of 
either of two possible hydrazones. 178 - 179 With acetylenic carbonyl com¬ 
pounds precedence of either hydrazone formation or addition to the 
triple bond accounts for the presence of two isomers. 


RNHNHj 4- R'COCHjCOR" 


RNHNHz 4- R"OaCCOR' 


R'CCH,COR" -f R'COCII,CR" 

II II 

NNHR RNIIN 


1 


i 


HC-CR' HC-CR" 

II II + II II 

R"C N R'C N 

\ / \ / 

N N 

R R 


T t 

R"0-CCR' 4- R"CCH*COR' 

II II 

RNHN NNHR 


Aliphatic diazo compounds react in ether solution at room temperature 
to form pyrazoles from 0-diketoncs uo or acetylenic compounds. 181 
Thus, diazomethane reacts with acetylene to form pyrazole, with di- 
acctylene to form 3(5)-ethinylpyrazole, ,K and with propiolic aldehyde 
to form 3-formylpyrazole. Diazoacetic ester reacts at higher tempera¬ 
tures and with diethyl acetylenedicarboxylatc forms 3,4,5-tricarbethoxy- 
pyrazole. The basic reaction is 

CH-CH 

HO=CH 4- CHjNj -► || 

CH N 

\ / 

N 

H 

177 y. Auwere and Schmidt, Ber., 68, 628 (1925). 

1,1 v. Auwere and Hollmann, Ber., 69, 1282 (1926). 

1,1 Tracy and Elderfield, J. Org. Chan., 6, 70 (1941). 

IW Wolff. Ann., 325. 177 (1902). 

Van trae. ckim., 62, 485. 491 (1943). 

n Kuhn and Henckd, Ann., 649, 279 (1941). 
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\ inyldiazomethane, CH 2 —CHCHN 2 , undergoes isomerization to pyra- 
zole. ,S3 - ,M This type of reaction probably proceeds through an inter¬ 
mediate pyrazolenine since such structures are isolated when spon¬ 
taneous rearrangement to the pyrazole is prevented by substituents. 
Diphenyldiazomethane and methyl phenylpropiolate form a pyrazo¬ 
lenine, which can be isolated, and is converted to 3,4,5-triphenylpyrazole 


C«H*C*CCO,CHa + (C«H 5 ) 2 CN 2 


C«H*C~ 


CH 3 0 2 CC 


\ 


-C(C 6 H 3 ) 2 

I 

N 


N 


by alkali or concentrated sulfuric acid. Rearrangement to pyrazole takes 
place spontaneously with diazomethane or a monosubstituted diazo¬ 
methane. Methyl propiolate also forms an isolablc pyrazolenine which 
rearranges to a pyrazole merely on melting or on recrystallization. ,SI 

The reaction of diketones with diazo compounds is illustrated by the 
formation of 4-mcthyl-3-acetyl-5-carbethoxypyrazole from acetylacetone 
and diazoacetic ester. 


C 2 H 6 0 2 CCHN 2 + CHjCOCH 2 COCHj 


CH a C- 


'COCHj 


c 2 h*o 2 cc n 

\ / 
N 
H 


Diazoanhydrides in the presence of alkali cleave to an acyldiazo- 
methnne and react with 0-keto esters to form acyl carbcthoxypyrazolcs 
or with 0 -diketoncs to form diacylpyrazoles.'* 0 

CH,COCN*COCH, + CHaCOCH 2 COCH a 

CH a C-CCOCHj 

|| || + CHjC0 2 Nft 

CH*COC* N 

\ / 

N 

H 

Substitution Reactions. Numerous substitution reactions of pyrazolcs 
are known. Nitration, halogenation, or sulfonation introduces a sub¬ 
stituent in the 4-position with (a) free imino, (6) 1-substitutcd, or (c) 
3 , 5 -disubstituted types. The substitution takes place under mild con¬ 
ditions with each of these types. Pyrazole, 3(5)-mcthyl- and 3,5-di- 
methylpyrazole form 4-nitro derivatives with hot nitric-sulfuric acid. 

,u Adamson and Kenner, J. CUm. Soc.. 288 (1935). 

,M Hurd and Lui, J. Am. Chem. Soc., 67, 2656 (1935). 



HETEROCYCLIC CHEMISTRY 


777 


The I- or 3(5)-phenylpyrazoles are nitrated in the benzene ring more 
easily than in the 4-position of the pyrazole ring. 3,4-Dinitro-5-pyridyl- 
pyrazole is formed from 3-nitro-S-pyridylpyrazole with nitric-sulfuric 
acid. 185 Bromination of 1-phenylpyrazole under mild conditions pro¬ 
duces first l-phenyl-4-bromopyrazole and in subsequent steps the 
3,4(4,5)-dibromo and 3,4,5-tribromo compounds. 18 * Various pyrazoles 
react with sulfuryl chloride, hypochlorite, or hydrogen chloride to intro¬ 
duce a 4-chloro group. The 5-chloro derivatives are usually prepared 
by the action of phosphorus pentachloride on a 5-pyrazolone. Sulfona- 
tion of 3(5)-methylpyrazole with oleum forms 3(5)-methyl-4-.sulfopyra- 
zole. l-Phenyl-5-chloro-3-methylpyrazole reacts with benzoyl chloride 
and aluminum chloride in carbon bisulfide to form the 4-benzoyl deriva¬ 
tive in 60-75% yield. 187 4-Aminopyrazole is typically aromatic and can 
be diazotized. The diazonium compound can be coupled with phenols or 
replaced by halogen. 

Addition Reactions. Available data indicate that the isolation of 
reduced ring types from the sodium-alcohol reduction of pyrazoles is 
difficult. 188 1,5-DiphenylpyrazoIe has been reduced to the pyrazoline 
with sodium and alcohol. The pyrazole quaternary salts on treatment 
with alkali are converted to symmetrically substituted hydrazines in a 
reaction which may take place through a pseudo base intermediate. 1 ” 


HC-CH koh 1 

HC-CHOHl 

II II -♦ | 

II 1 

HC N-CHjI 

HC NCH, 

\ / 

\ / 

N 

N 

CH, 

CH, 


(O) 

- -> CH,NHNHCH a 


Ring Stability. The pyrazole ring is stable toward oxidation and not 
easily reduced. Pyrazoles remain unattacked when alkyl substituents 
are oxidized to carboxyl by alkaline permanganate, and the 1-phenyl 
group of l-phenyl-3-methylpyrazole is destroyed on acid permanganate 
oxidation, leaving 3-methylpyrazole. Oxidation of 3(5)-phenylpyrazole, 
however, takes place with rupture of the pyrazole ring and formation of 
benzoic acid. Pyrazoles are considerably more stable toward acid 
decomposition or polymerization than are the structurally related isoxa- 
zoles or pyrroles. Thus, 1-phenylpyrazole is recovered unchanged from 
its solution in fuming hydrochloric acid, and 1,3,5-triphenylpyrnzole, 
as might be expected, is unchanged by 20% hydrochloric acid at 300° 

Lund, J. Chan. Soc., 418 (1935). 

,M Balbinno, Gazz. chim. Hal., 19, 134 (18S9). 

" 7 Michaelis and Rojahn. Bn., 50, 743 (1917). 
m v. Auwers, Bcr., 65, 833 (1932). 

Kn <>" “d Weidel, Ber., 42, 3523 (1909). 
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Pyrazole itself goes through a number of acid reactions which would be 
impractical with pyrrole. 

Structure of Pyrazoles. Pyrazoles with an unsubstituted imine group 
exist as tautomers in which the 3- and 5-positions are equivalent. 


HC- 


-CH 

II 


HC N 

\ / 

N 

H 



The existence of the two tautomers is shown by the isolation of two 
isomers when phenyl or acetyl hydrazine reacts with an unsyramctrical 
dikctone. l-Acctyl-3-phenyl-5-methylpyrazole is unstable and on 
heating rearranges to l-acetyl-3-methyl-5-phenylpyrazole. Tautom- 
erism of the free imine types is also shown in the formation of two 
isomers on methylation of 3(5)-phcnylpyrazole. , ’° 


Very little 
M.p. 65-50* 
li.p. 143V10 mm. 
r.crate, m.p. 132* 


HC- 


II 

HC N 

\ / 
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HC-CC«H» 

II + 

lie N 

\ / 

N 
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H C—— CC.1I. 

I I 

HC NCH, 

V / 
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M.p.— 

D.p. I30VI0 mm. 
Picratc. iu.p. 143* 


The isolation of only one methylpyrazole on removal by oxidation 
of the phenyl group from l-phenyl-3- or l-phenyl-5-methylpyrazole is 
further evidence of the tautomerism. 


HO 

II 

CHaC 


CH 

II 

N 


HO 


-CH 


\ / 
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C«H 6 


II 

CH.C N 
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NC.II. 


1,0 v. Auwors and Brcyhmn, J. prakt. Chem., 143, 259 (1935). 
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The existence of intermolecular hydrogen bonding in free imino pyra- 
zoles accounts for their abnormally high molecular weights and relatively 
high boiling points. 19 * Other possible tautomers are the 4-isopyrazole 
(i4) and 3-isopyrazole or pyrazolenine ( B ) structures. 


H,C-CH 

I II 

HC N 

\ / 

N 

<«> 


H C-- CH 

I I 

II,C N 

\ ✓ 

N 

(fl) 


When suitably substituted these structures are stable. 3,4,4,5-Tctrn- 
methylpyrazole, of the 4-isopyrazole structure, and 3,3,4-triphenyl- 
5-carbomethoxypyrazolenine, of the 3-isopyrazole structure, can be iso¬ 
lated. Presumably these types exist as tautomers when substituents 
do hot stabilize them as in these compounds. Substitution in the 4-po¬ 
sition, rather than in the 3- or 5-positions, is attributed to activation 
of the 4-racthylene or the 4-isopyrazole type by adjacent —C=N— 
groups. The insufficiency of this explanation may be seen in the ease 
with which N-phenyl derivatives, where the tautomerism is not possible, 
also substitute in the 4-position. It is probable that here, as with the 
pyrroles, the presence of resonance adequately explains the structure 
and reactions. The following structures are possible, but it is not clear 
why V should result to the exclusion of II and III in collision activation 
during substitution reactions. 


HC-CH 

II II 

H< P ==== 

HC N 

HC" 1 
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HO 
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=CH 
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Pyrazolines. Pyrazolines are formed ( 1 ) in the reaction of <*,0-unsatu- 
rated aldehydes or ketones with hydrazines, (2) in the reaction of diazo 
compounds with ethylenic unsaturated compounds, and (3) from ketaz- 
mes and aldazines. The first product in the reaction of a hydrazine 
with an «,^saturated ketone is probably the hydrazone, which then 
rearranges to the pyrazohne. Usually the hydrazone is too unstable to 
isolate and is cyclized spontaneously to the pyrazoline. Thus, acrolein, 

Hayes and Hunter, /. CW Soc., 1 (1941). 
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methacrolein, 192 or methyl vinyl ketone 193 forms a phenylpyrazoline 
directly with phenylhydrazine. 

H*C-CH 

CHs=CHCHO + C'H»NHNHt -» | 

HjC N 

\ / 

N 

Cells 

Acrolein, however, gives an isolable 2,4-dinitrophenylhydrazone. 
Some phenylhydrazones are stable enough to isolate. Thus, bcnzal- 
ncetophenone reacts with phenylhydrazine in cold glacial acetic acid to 
form the phenylhydrazone which is cyclized to 1,3,5-triphenylpyrazoline 
on boiling in glacial acetic acid. 194 Pyrazoline itself is readily formed in 
a water-ether emulsion from acrolein and hydrazine. 

Diazomethane reacts with various ethylenic unsaturated compounds 
to form pyrazolines. Thus, butadiene in ether at —20° forms 5-vinyl- 
pyrazoline, 191 benzalncetophenonc forms 3-benzoyl-4-phenylpyrazoline, 
and vinyl butyl ether forms 4-butoxypyrazoline at 90° in 55% yield. 198 
In the benzalacctophenone reaction an intermediate ^‘-pyrazoline is 
isolated. On heating above its melting point, it rearranges to the 
^■-pyrazoline. The corresponding A 2 -pyrazoline from benzalacetone is 

C'clUCH—CHCOC'Hi + CHjN* 


CsHsCH-CHCOC.H* C,H»CH-CCOC.Hs 

II — I II 

HjC N HjC N 

\ ✓ \ / 

N N 

H 

too unstable to isolate. 197 

'Fhe formation of pyrazolines from ketazines is illustrated by the 
conversion of acetone ketazine to 3,5,5-trimethyl-2-pyrazoline on heating 
in alcohol with maleic acid. Acetaldazine is similarly converted to 
5-methylpyrazoline. 

(CTIa) 2 C CHaCCHs H,C-CCH, 

II II ^ I II 

N-N (CHj)jC N 

\ / 

N 

II 


171 Shriner and Sharp. J. Am. Chem. Soc.. 62, 2245 (1940). 

i* Petrov. J. Gen. Chem. ( U.S.S.R. ). 8, 131 (1938) (C. A.. 32, 5370 (1938)). 

IM Itoiford and Manley, J. Org - Chem.. 6, 590 (1940). 

•* Muller and Roser. J. prakt. Chem.. 133, 291 (1932). . 

m DVakonov. J. Gen. Chem. ( U.S.S.R. ). 17. 67 (1947) [C. A.. 42, 902 (1948)1. 
Smith and Howard. J. Am. Chem. Soc.. 65. 159. 165 (1943). 
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The pyrazolines are easily oxidized. Vigorous reagents such as per¬ 
manganate attack pyrazolines with the evolution of gases. Pyrazoles 
are isolated in good yield when bromine in chloroform is used as the 
oxidizing agent. In acid oxidation, with nitric acid or chromic acid, 
red-colored products are formed in a reaction known as Knorr’s pyra- 
zoline reaction. Reduction of pyrazolines with no nitrogen substituent 
is difficult, and short of complete decomposition often no reaction takes 
place. 197 N-Phenylpyrazolines have been reduced by sodium and alcohol 
to characterizablc pyrazolidines and trimcthylcnediamine derivatives. 
Considerable stability to aqueous acid has been noted with pyrazoline, 
which is 90% recovered from treatment with concentrated hydrochloric 
acid at 100°. In the pyrazoline series, though not with pyrazoles, as 
noted previously, it is possible to isolate the two isomers, 5-phenyl- 
pyrazoline and 3-phenylpyrazoline. The former is unstable and isom- 
erizes readily to the latter. When decomposed thermally, pyrazolines 

HjC-CC«H* 

I II 

HjC N 

\ / 

N 
H 

3-Pbcnyl 

lose nitrogen and form an olefin, a cyclopropane derivative, or occasion¬ 
ally other products. Only when carbethoxy, acyl, or aroyl substituents 
are present does cyclopropane formation predominate. 

Pyrazolones. Of the 3-, 4-, and 5-pyrazolones, all of which are known, 
the last are most common and will be discussed here. The 5-pyrazolones 
are formed when /3-keto esters react with a hydrazine. A hydrazonc is 
isolated if the reaction is carried out under mild conditions; it is cyclized 
readily, on heating in dilute acid, to the 5-pyrazolone. 198 



CI^COCHjCOjCiH* -f C«H $ NHNHj -» 

H 2 C-CCHj 

CHiCCHjCOjCiH* -> | II 

II OC N 

NNHC*H, \ / 

N 

CeH* 


l-Phenyl-3-methyl-5-pyrazolone is an intermediate in the manufacture 
of dyes and pharmaceuticals and is manufactured commercially >»» 
5-Pyrazolones couple to form dyes which have found extensive appli- 

‘••Sumpter and Wilkcn. ibid., 70, 1980 (1948). 

p'"™ T n U - S - ? epl ' ° f "Manufacture of Autipyrin. a„d 

Pyranudon at I.Q. Farbenmdustne A.G. Hoechst,” June 10. 1947 . 
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cation in color photography as magenta color formers 200 and have long 
been used as yellow dyes of the tartrazine type. As a result of these 
interests, the preparation and properties of the 5-pyrazolones have been 
extensively investigated. 

Many variations of the standard preparation of 5-pyrazolones from 
tf-keto esters and hydrazines are known. Hydrazine, 20, 202 methyl- 
hydrazine, 201 substituted phenylhydrazincs, heterocyclic hydrazines, 2 ” 
and semicarbazides all form pyrazolones. In addition to various 
£-keto esters, diketcncs 20 * and acetylenic esters 205 also form 5-pyrazo¬ 
lones and cyanoacetic ester forms 3-amino-5-pyrazolones. 203 - 206 

The 5-pyrazolones are known to undergo a wide variety of reactions. 
These can be classified as substitution reactions, alkylation reactions, 
and condensation reactions. The substitution reactions involve substi¬ 
tution of a hydrogen or hydroxyl of the ring. l-Phenyl-3-methyl- 
5-pyrazolonc is converted by nitric acid at 10-15° to the 4-nitro-l-(4'-ni- 
trophenyl) derivative known as picrolonic acid. 1-p-Nitrophenyl- 

3- mcthyl-5-pyrazolone can also be obtained in this reaction. 108 Nitrous 
acid introduces a 4-nitroso group. Sulfonation with 96% sulfuric acid 
at 200° gives a 92% yield of l-(4'-sulfophcnyl)-3-methyl-5-pyrazolone. 
With 20% oleum at 10-15°, GG% of l-phenyl-3-methyl-4-sulfo-5-pyraz¬ 
olone is obtained, and, with 20% oleum at 95°, 78% of the 4,4'-disulfo 
derivative 207 is obtained. The 4-sulfo group is easily removed by hy¬ 
drolysis. Bromination of antipyrine (l-phenyl-2,3-dimethyl-5-pyraz- 
olonc) in chloroform gives a perbromide which can be converted to the 

4- bromo derivative. 208 Reaction with phosphorus oxychloride or phos¬ 
phorus pcntasulGde forms respectively the 5-chloro or 5-mercapto (5- 
thione) derivative. 

Alkylation of 5-pyrazolonc produces different derivatives. The two 
forms are the 5-alkoxy types (.4) and the N-aryl-N'-alkyl types (H). 


IIC-CCIIa 

II II 

M> ROC^ K 
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100 Weissbergcr and Porter. J. Am. Chcm. Soc.. 65. 1495 (1943). 

»« MacNolly and Dickey. U. S. Pat. 2.391.180 (1945) [C. A.. 40. 2035 (1910)]. 
w Montague. Bull. toe. cbim. France. |5] 13. 03 (1940). 

,0 * Weissberger et a!.. J. Am. Chem. Soc.. 66, 1849. 1851 (1944). 
in * Lecher. Parker, and Conn. Aid.. 66, 1959 (1944). 

:<# Zos* and Ilennion. ibid.. 63, 1151 (1941). 

Porter and Weinberger. Or*. S V nlKescs. 28. 87 (IMS). .onmiort 

- lofle and Khavin. 7. GVn. CAem. (C/.S.S.K.). 17. 522, 528 (1947) |C. A.. 42. 903. 1933 

“-ttumura and Sunagawa. d. Japan. 60. US 0040, |C. 4.. 3*. 4734 

(1940)]. 
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l-Phenyl-3-methyl-5-methoxypyrazole (A, R is CII 3 ) is formed by 
reaction of l-phenyl-3-methy 1-5-pyrazolone with diazomethanc, and it 
is also formed by cyclization of ethyl acetoacetate phenyl hydra zone with 
hydrochloric acid. l-Phenyl-2,3-dimethyl-5-pyrazolone ( B , It is CH 3 ) 
is the widely known “antipyrine.” It was first prepared in 1884 by 
Knorr and has been used as an antipyretic. Mcthylation of 1-phenyl- 

3- methy 1-5-pyrazolone with methyl sulfate and alkali or methyl iodide 
and alkali in methanol furnishes antipyrine. It is also formed from 
sym-phenylraethylhydrazine and ethyl acetoacetate. Methylation of 
l-phenyl-3-methyl-4-amino-5-pyrazolone, prepared by reduction of 

4- nitrosoantipyrine, gives l-phenyl-4-dimethylnmino-2,3-dimcthyl-5-py- 
razolone, “pyramidone,” also widely known as an antipyretic. 

The methylene group of a 5-pyrazolone undergoes a number of con¬ 
densation reactions and is similar in behavior to other “active meth¬ 
ylene” compounds. Most obvious of such reactions arc the conden¬ 
sations with alkyl iodides, for instance, with methyl iodide, to form the 
4-mcthyl derivative; 20 * with acetic anhydride and sodium acetate or 
acyl chlorides 500 110 to form the 4-acetyl (as well as the more readily 
formed 5-acetoxy) derivative; and with inorganic reagents as discussed 
previously to introduce 4-substituents. Condensation with aldehydes 
gives alkylidene or arylidene derivatives. Bis-products arc formed from 
two molecules of pyrazolone. Nitroso compounds condense to anils. 


H,C-CCHj 

|| + RCHO 

OC N 

\ / 

N 

C e H* 


RCH—C-CCH, 

oi 11 

\ / 

N 

C«H$ 


With p-nitrosodialkylanilines the condensation products are azo- 
methine dyes, which are important in color photography, where an 
oxidized developing agent of the type of a p-aminodialkylanilinc con¬ 
denses with the pyrazolone. The oxidation product of the developing 
agent, which is active in this reaction, is most probably the semi- 
quinonc. 211 Diazo compounds couple and form colored azo dyes. Tar- 


H0 3 SCeH 4 NHN=C- 


—CCO,H 

oi 11 

\ / 

N 

CeHiSOiH 

Wolff and Thielepapa, Ann., 420, 275 (1920). 

Kaufmann. Gor. Pat. 668.387 (1938) |C. A., S3. 2150 (1939)L 

(lMW 3M ff Th “° ry °' *’’* Ph0t °‘ tn “‘ h, ° Proc “’" Th « Macmillan Co., Now York 
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trazine, an approved food color, can be prepared by sulfonation of 
l-phenyl-3-carbethoxy-4-benzeneazo-5-pyrazolone. This starting mate¬ 
rial is formed by coupling benzenediazonium chloride with 1-phenyl- 
3-carbethoxy-5-pyrazolone. The dye is prepared technically from oxal- 
acetic ester and p-sulfophenylhydrazine followed by coupling with 


TABLE VIII 

Bimolecular Condensation' Products of 5-Pyrazolones 
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p-sulfobenzenediazonium salt. The 1948 production was approximately 
500,000 lb. The 5-pyrazolones undergo bimolecular condensations with 
themselves under the influence of (a) piperidine or (6) iodine or other 
oxidizing agents and (c) with their amino or nitroso compounds to give 
the products shown in Table VIII. The oxidation products form an 
indigo-like series of compounds. 
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Pyrazoiidines. Pyrazolidines are prepared from the sodium deriva¬ 
tives of hydrazines and 1,3-dihalides. Pyrazolidine itself is formed in 
17% yield when trimethylcne bromide is heated with hydrazine in 
alcohol. 212 Pyrazolidines are also formed on reduction of N-phcnyl- 
pyrazoles with sodium and alcohol. N-Phenylpyrazolidine is oxidized 
by air to N-phenylpyrazolinc. Pyrazolidones are formed from /3-halo 
or a,/3-unsaturated acids and hydrazines. The hydrazide or hydrazino 
acid are probable intermediates. 212 

HjC-CO 

CH,=CHC0 2 H + N*H 4 — CHr=CHCONHNH 2 — | | 

H 2 C NH 


or 


H 2 NHNCH*CHtCOiH 


\ / 
N 
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The pyrazolidones are basic and are oxidized readily to pyrazolones. 
Pyrazolidinediones are cyclic hydrazides of malonic acid and are formed 
when disubstituted malonic esters are heated with hydrazines. 214 Ma¬ 
lonic ester itself forms a hydrazide which on heating to 200° is converted 
to pyrazolidinedione. 21 * 

Indazoles. The types of benzene derivatives convertible to indazoles 
or substituted indazoles are remarkably varied. They can bo divided 
into three groups: (a) those in which the 2-3 bond is formed, (6) those 
in which the 1-2 bond is formed, and (c) those in which the l-7a bond 



is formed. The first of these, which hus been used most widely, includes 
syntheses from (a) o-hydrazino, (6) o-diazo, (c) o-N-nitroso, and ( d ) 
0 -benzeneazo types. o-Hydrazinocinnamic acid is converted on heating 
to indazole or under the influence of air and alkali to 3-indazoleacetic 
acid, the latter in 88% yield. 



CH=CHC0 2 H 

NHNH, 



-ch 2 co 2 h 
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BuhIe - Moore, and Wisclogle. /. Am. Chem. Soc., 65, 29 (1943) 
* u v. Rothenburs. J. prakt. chem., 6i, 73 (1895). 

“* Dox. J. Am. Chem. Soc., 64, 3674 (1932). 
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o-Hydrazinobenzoic acid is converted to indazolone in 98% yield by 
phosphorus oxychloride. 514 * The o-diazo type synthesis gives an 80% 
yield of nitroindazole from the diazotized nitrotoluidine 2,6 and a 90% 
yield of 3-methylindazole from diazotized o-aminoacetophenone but 
only 3% of indazole from diazotized o-toluidine. 



H 


o-N-Nitroso-N-acetotoluidide has been used as a source of indazole, 
although the yield is not good. 214 




o-Bcnzeneazonitrotoluene is converted to 2-phenyl-6-nitroindazolc 
in 37% yield. 217 The formation of the 1,2-bond is illustrated by the 
conversion of 2,4-dinitrobenzylaniline to 2-phenyl-G-nitroindazolc in 
36% yield by stannous chloride. The ring closure at the l,7a-posilions 
has been observed with a few arylhydrazones but has not been widely 
used. 211 

The indazoles are stable compounds. Indazole is not attacked by 
20% sulfuric acid at 250°, by phosphorus and hydriodic acid at 250°, or 
by sodium and alcohol. Alkaline permanganate decomposes indazole, 
and chromic acid oxidizes 2-phenylindazole to o-benzeneazobcnzoic 
acid. 2-Phenylindazole is reduced by sodium and alcohol to an N-(<Mimi- 
nobcnzylaniline) and to dihydro-2-phenylindazole; the latter is oxidized 
by air to the indazole. 219 

Substitution reactions take place readily. Indazole is converted to 
5 -nitroindazole in nearly quantitative yield by cold, fuming nitric acid; 
to 5-sulfoindazole in 46% yield by 20% oleum; 220 to 3 , 5 -dibromoinda- 
zole in 95% yield by bromine in acetic acid; and, as its silver salt., to 
3-bromoindazole in 90% yield by bromine in carbon bisulfide."' 

11 Stephenson, Org. Synlhuea. 29, 64 (1949). 
m Porter and Peterson, ibid.. 20. 73 (1940). 

“• Barclay, Campbell, and Dodds. J. Chem. Soc., 113 (1941). 

*»» Chardonnens and Buchs, Hd r. Chim. Ada. 29, 872 (1946). 

1,1 Fries and Tampke. Ann.. 454, 310 (1927). 

*»• v. Auwers and Strodtcr. Ber., 69, 629 (1926). 

no v. Auwers and Kleiner, J. prakl. Chem., 118, 67 (1928). 

“ v. Auwers and Lange, Ber., 55, 1139 (1922). 
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The structure of the indazoles has been extensively investigated. 
Unsubstituted or substituted types may exist in the forms A, D, C and 
D. These are tautomeric when R is H. The possible structures for the 



2- substitutcd types are an o-quinoid (C) and a bridged ring structure 
(D) which because of the length required of the C—N bond in the bridge 
is not probable. The o-quinoid structure has been objected to because 
o-quinones are usually colored whereas 2-alkylindazolcs are not. Anthra¬ 
cene, however, is colorless and is generally accepted as having an o-qui¬ 
noid structure. A minor infraction of the Fries rule presumably arises 
in the o-quinoid structure, which, however, is favored by refrnctometric 
data” 5 and is indicated as a tautomeric form by the activation of a 

3- bromo group by the presence of a 5- (but not 4- or 6-) nitro group. 214 
The 3-bromo derivatives of indazoles are usually unreactive, but the 
bromine of 2-mcthyl-3-bromo-5-nitroindazole is reactive, as is the bro¬ 
mine in o- or p-nitrobromobenzene. 


I MID AZOLES 

The imidazole nucleus is found naturally in the amino acid histidine, 
which is essential to the growth of rats but not man; in the purines 


\ CH HO,CCH(NH,)CH,C CH H 5 NCH,CH,C CH 

V V V 

H H H 

Imidazole Histidine Histamine 


(see p. 877), which are imidazolopyrimidines; in biotin (see thiophene); 
and in histamine. 

Syntheses. In the Radziszewski 525 imidazole synthesis a 1,2-diketone, 
ammonia, and an aldehyde are combined usually in aqueous or alcoholic 
solution on gentle warming. When glyoxal is used both the 2,2'-biimid- 
azole and imidazole are formed, the latter from formaldehyde present 

ra v. Auwere, Ann., 437, 70 (1924). 

m Radziszewski and Szul, Ber., 17, 1291 (18S4). 
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from cleavage of glyoxal.*** 4 A mixture of glyoxal and acetaldehyde 
forms 2-methylimidazoIe; biacetyl and acetaldehyde form 2,4,5-tri- 


RC=0 NH, RC-N 

+ + OHCR — || 

RC=0 NH, RC CR 

\ / 

N 

H 


methylimidazolc. Benzil, formaldehyde, and ammonia and benzil, 
benzaldchyde, and ammonia react in glacial acetic acid to give theo¬ 
retical yields of 4,5-diphenylimidazole and 2,4,5-triphenylimidazolc 
respectively. 226 Other aldehydes react similarly. 227 This type of con¬ 
densation probably takes place in the synthesis of 4(5)-hydroxymethyl- 
imidazole from fructose on heating with cupric carbonate, formaldehyde, 
and ammonia. 22 9 222 The fructose is cleaved to dihydroxyacetone and 
glyceric aldehyde, either of which can l>e oxidized to hydroxy methylgly- 
oxal. The last undergoes the usual condensation, and the product is 
obtained in 00% yield as the picrate. 


CH,OH 

CO 

I 

CHOH 

I 

choii 

I 

CHOH 

CHjOH 


CHjOH 


CO 

I 

CHjOH 

CHO 

I 

CHOH 

I 

CHjOH 


| 0 | 


CHjOH 

I 

CO 

I 

CHO 


CHjO 

NHi 


HOCHjC- 


■N 


HC • CH 

\ / 

N 

H 


By treating tartaric acid dinitrate with formaldehyde and ammonia 
at 0°, a 45% yield of imidazole-4,5-dicarboxylic acid is obtained. 290 
This reaction also probably takes place via the 1,2-dicarbonyl compound. 


HOjC—CHONOj 
HO,C—CHONOj 


HO,CCO 

iHOjCCO 


IIOjCC 


-N 


HOjCC CH 


«* Lohrnstadt. Ann., 456. 253 (1927). 

» Rugeli and Henxi. HeU. Chxm. Ada. 12. 362 (1929). 

*• Davidson. Weiss, and Jelling. J. Org. Chan.. 2. 319 (1937). 
o; Cook and Jonos. J. Chan. Soc., 278 (1941). 
m Totter and Darby. Org. Synthae*. 24, 04 (1944). 

»» Weidcnhagcn, Herrmann, and Wegner. Brr.. 70, 570 (1937). 
00 Snyder el al.. Org. Syntheses. 22. 65 (1942). 


\ / 
N 
H 
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The synthesis of imidazoles from amidines and a-haloketones, analo¬ 
gous with the thiazole synthesis from thioamides and haloketones, has 
not been widely used. Benzamidine and phenacyl bromide react to 
form 2,4-diphenylimidazole in good yield” 1 Benzamidine condenses 
with benzoin to form 2,4,5-triphenylimidazole and with biacetyl to form 
2-phenyl-4,5-dimethylimidazole. 

The Wohl-Marckwald synthesis” 5 provides 2-mercaptoimidazolcs 
from the reaction of an a-aminoketone and potassium thiocyanate. 
Isothiocyanates form l-substituted-2-mercaptoimidazolcs. The thio¬ 
urea, isolated as an intermediate, is converted to the imidazole on 
heating with acid. The 2-thiol group is removed by nitric acid oxi¬ 
dation. 

a HC-N 

RCOCH,NH a + HNCS RCOCHtNHCSNH, || || 

u RC CSH 

\ / 

N 

H 


The synthesis of 2,5-diphenylimidazolc from benzaldehydc and 
a-aminophcnylacetonitrile is similar to the oxazolc synthesis from alde¬ 
hyde cyanohydrins but has not been widely used. 


C.H s CH(NH 2 )CN + C.H*CHO -► 


HC-N 

II II 

C«H*C CCfllU 

\ / 

N 

H 


2,4,5-Triphenylimidazole, known as lophine, was prepared in 1845 
by Laurent m by heating hydrobenzamide. An intermediate dihydro- 


C*H»CH=N 

\ 

CHC*H* 

/ 

C 8 H*CH=N 



C«H fc C—NH 

\ 


CC 8 H 8 


C 8 H 8 C—N 


lophine, known as amarine, can be isolated and oxidized to lophine. 
This dihydro compound has also been isolated as an intermediate in the 
benzil, benzaldchyde, and ammonia condensation. 

Substitution Reactions. Imidazoles undergo halogenation, nitration, 
sulfonation, alkylation, and other nuclear substitution reactions. Bromi- 

m Kunckcll and Donath. Ber., S4, 1829 (1901). 

“ Wohl and Marckwald. Ber.. 22, 1363 (1889). 

“ Laurent. J. prakt. Chem., (l) 38, 465 (1846). 
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nation of 4-methylimidazole with bromine in chloroform produces 
5-bromo- and 2,5-dibromo-4-methylimidazole; 234 cyanogen bromide 
produces 2-bromo-4-methylimidazolc. Iodination, with iodine in the 
presence of aqueous alkali, produces some 2-iodo- and 2,4(5)-diiodo- but 
mostly 2,4,5-triiodoimidazole. Iodination of histidine using an emulsion 
technique gives 94% yield of 2,5-diiodohistidine. a * A variety of other 
imidazoles have been successfully halogenated. Preferential iodination 
in the 2-position and bromination in the 4(5)-position suggest that 
different mechanisms are involved. The latter reaction is probably 
straightforward electrophilic substitution; the former probably involves 
formation and rearrangement of an N-iodo compound. It may be noted 
in this connection that the reaction of imidazoles with benzenediazonium 
chloride introduces a 2-benzencazo group in imidazole itself and a 2- or 
4-benzencazo group in 4(5)-methylimidazole. 4(5)-Chloroimidazoles 
are formed by the action of phosphorus pentachloride on N.N'-dialkyl- 
oxamides. The poly halo compounds are dehalogenatcd by sodium 


OCNHCjH* 

pen 
-» 

OCNHCjHj 


C1C—NC,H* 

^CCII, 

HC—N 


sulfite, and in some instances, as with the 2-iodoimidazole, this reaction 
is of preparative value. 

Nitration of imidazoles takes place with either sulfuric acid-nitric 
acid mixture or fuming nitric acid to introduce a 4(5)-nitro group. Thus, 
imidazole, 4(5)-mcthyliinidazole, and 2,4(5)-diinethylimidazolc form 
mononitro derivatives. 2-Bromo-4(5)-methylimidazolc is converted by 
mixed acid at room temperature to the 5-nitro derivative in 70% yield. 2 * 4 
2-Phenyl- and 1-phenylimidazole arc nitrated in the o~ and p-position 
of the benzene ring. The latter compound can be dinitrated to introduce 
a 5-nitro group in the imidazole ring. 23 * 4,5-Dimethvlimidazole cannot 
be nitrated under conditions successfully used for the nitration of imida¬ 
zoles with a free 4- or 5-position. 

Direct sulfonation of the imidazole nucleus is accomplished by heating 
with 60-78% fuming sulfuric acid at 160-1S0 0 . 2 * 7 Under these con¬ 
ditions imidazole is converted in 78% yield to imidazole-4(5)-sulfonic 
acid. Substitution in the 4(5)-position is established by the non-identity 
of the two monosulfonic acids obtained by sulfonation of imidazole and 
by hydrogen peroxide oxidation of 2-mercaptoimidazolc. 4(5)-Methyl- 


01 Pyinan and Timmis. J. Chem. Soc.. 123, 494 (1923). 

“ Brunines, J . Am. Chem. Soc.. 69, 205 (1947). 

Ochiai and Utahasi. J. Pharm. Soc. Japan. 60. 312 (1946) |C. .4. 
m; Barnes and Pyinan. J. Chem. Soc.. 2711 (1927). 


36. 45S (1941)1. 
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imidazole is sulfonated in 60% yield to 4-methylimidazole-5-sulfonic 
acid, and 2-methylimidazole in 88% yield to the 4(5)-sulfonic acid. 
2-Methyl-4,5-disulfonic acid is obtained in 15-20% yield in the latter 
reaction. 

Introduction of an alkyl group in the imidazole nucleus takes place on 
heating the N-alkyl derivatives. Thus, N-methylimidazole, from imida¬ 
zole and dimethyl sulfate, methyl iodide, or diazomethane, on passing 
through a red-hot tube rearranges to 2-mcthylimidazole. This reaction 
has not been as widely used as the corresponding reaction of pyrroles. 
N-Acylation, complicated by the ease with which acid halides open the 
imidazole ring in the presence of alkali, is accomplished by treating 
metal salts with acid chlorides. 

Ring Stability and Addition Reactions. The imidazoles- are basic, 
more so than the isomeric pyrazoles, and the imino hydrogen is replace¬ 
able by metals or alkyl groups. The tertiary bases add alkyl halides 
readily to form quaternary salts which undergo ring fission on heating 
with alkali. The formation of two primary amines on cleavage shows 


ii ii 

HC CH 

\ / 

N 

CH, 


ii ii 

HC CH 

\ / 

N 

CH, 


that both nitrogens are alkylated. Cleavage probably proceeds via 
formation of a pyridone-like intermediate. Acylation with benzoyl 
chloride and sodium hydroxide even at 0° opens the ring. 24 " The di- 
benzoylaminoethylene is converted to l-benzoyl-2-phenylimidazole by 
dehydration with acetic anhydride.”* This reaction probably also 


HO 


HC 


\ / 
N 
H 


N cuucoc. CH-NHCOC.H, 

\\ ■ NaQH > II + HCO,Na 

CH NaOH CH—NHCOC.H, 


proceeds through a quaternary salt intermediate. 

The imidazoles are resistant toward many oxidizing and reducing 
reagents. Chemical reducing agents, such as sodium and alcohol, zinc 
and acetic acid, or 60% hydriodic acid, are without effect. Reduction 
of nitroimidazoles gives only decomposition products. It is interesting 
to note that dihydroimidazoles are readily dehydrogenated to imidazoles 

*“ Windaus. Dorrios. and Jensen. Ber., 64. 2745 (1921). 
m Windaus and Langonbeck. Ber., 66. 3706 (1922). 
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over nickel catalyst. 240 Oxidation does not take place using chromic 
acid, but aqueous permanganate causes complete decomposition. Hy¬ 
drogen peroxide oxidizes imidazole to oxamide. 2-Methylimidazole- 
4(5)-sulfonic acid does not react with boiling 50% nitric acid and is only 
partly attacked on boiling with chromic acid in acetic acid. 237 Con¬ 
centrated hydrochloric acid at 170° removes the sulfo group. Benzim¬ 
idazole is oxidized to imidazole-4,5-dicarboxylic acid in low yield by 
alkaline permanganate. 

Structure. The equivalence of the 4- and 5-positions of imidazoles 
which have an imino hydrogen is shown by methylation and by syn¬ 
thesis. Methylation of 4(5)-methylimidazole produces two compounds: 

HC-NH HC-N 

II 1*1 II 

HC CH HC CH 

\ ✓ \ / 

N N 

H 


1,4-dimethylimidazole, b.p. 199°; and 1,5-dimethylimidazole, b.p. 22*1°. 
Synthesis of methylphenylimidazole via the Wohl-Marckwald synthesis 
from either a-aminopropiophenone or a-acetylbenzylaminc gives one 
and the same product, m.p. 185°. 


C«H*CO 

CHjCHNHi 


C«H$C—NH 


CHjC—N 


CH 


C«H*CHNH* 

CHjCO 


Resonance hybridization undoubtedly contributes to the unusual 
stability of the imidazole nucleus. Tautomeric forms, however, may 
take part in some reactions. 


HC- 


-N 



HC- 


■N 


—N" HC— 

I I II 

HC CH HC“ CH HC “CH HC CH HC CH 

\ / \ + / \*/ \/ 

N N N N N 

H H H II H 

2-Imidazolines have antihistaminic properties. 241 Typical of these 
antihistaminic drugs is Antistine, which is 2 -(N-phenyl-N-benzylamino- 
methyl)-2-imidazoline. Long-chain imidazolines are manufactured for 
use as surface-active agents. The imidazolines arc prepared from 
1,2-<liamines by acylation and cyclodehydration or by interchange with 


wo Kyrides. U. S. Put. 2.404.299 (1946) \C. A.. 41. 160 (1947)). 
w Scholz. Ind. Eng. Chem., 37, 120 (1945). 
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amido esters. The cyclodehydration is accomplished under mild con¬ 
ditions. Refluxing of the 1,2-diamine and a carboxylic acid in benzene 
is sufficient. The water formed can be removed by azeotropic distillation 
to give, for example, 23% yield of 2,4,4-trimethyl-l-isopropyl-2-imid- 
azoline. 242 Diacetylethylenediamine heated at 270° with magnesium 
gives 68% of 2-methyl-2-imidazoline. 24a 

H 2 C-N 

CHjCONHCH 2 CH 2 NHCOCH, -► 

HjC CCHj 

\ / 

N 

H 

Monoacetylethyleuediamine, formed in 66% yield by heating the 
diamine with ethyl acetate, is dehydrated to 2-methyl-2-imiduzolinc in 
88% yield by heating with calcium oxide. 541244 The interchange with 
an imido ester or amidine hydrochloride gives 55-82% when aryloxy- 
acetimidates are used. 


RC^ 


NH-HCI 


H,NCH a 


OCjHi (or NHj) H,NCHj 


RC^ 


N—CH; 


N—CH* 
H 


Hydrogenation or reduction of imidazoles to imidazolines is unknown, 
but the reverse reaction takes place in good yield when an imidazoline 
is heated with a nickel catalyst. 241244 The imidazolines, like the imid¬ 
azoles, are readily cleaved by an acid chloride in alkali. They are true 
cyclic amidines. 

Imidazolidines are formed from N,N'-diphenylethylenediamine and 
formaldehyde. Several imidazolidones are readily available. Ethyl- 
cneurea, 2-imidazolidine, is formed from ethylcncdiaminc and diethyl 
carbonate. 

HjC-NH 

NHjCHjCHtNHt + (C,H»0),C0 -» | | 

H,C CO 

\ / 

N 

H 


Hydantoin, 2,4-imidazolidione, is formed from ureidoaoetic acid on 


,a Riobsomcr. J. Am. Chem. Soc., 70. 1629 (1948). 
m Chitwood and Reid, ibid., 67, 2424 (1935). 

Kyrides and Zicnty, U. S. Pat. 2.399.601 (1946) IC. A 
2.404,300 (1946) (C. A., 40. 6101 (1946)]. 


«. 4180 (1946)]; U. S. Pat. 
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heating with hydrochloric acid. 245 The reaction can be used generally 
with amino acids. 

KOCN uci 00 NH 

H,NCH,CO,H -> H,NCONHCH,CO,K —> | | 

H,C CO 

\ / 

N 

H 


'I he hydantoins can also be prepared from ketone cyanohydrins. 
Acetone cyanohydrin heated with ammonium carbonate forms 5,5-di- 
methylhydantoin in 55% yield, 246 and many other aldehydes and ketones 


/OH /NH, 

(CH ,),C< — (CH,),C< 

X CN X CONH, 


/Nil—CO 
(CH,),C< | 

X CO—NH 


react similarly. 217 Diphenylhydantoin sodium is used in the treatment 
of grand mal epilepsy. Bromination of hydantoin followed by hydrolysis 
produces parabanic acid. 


OC- 

I 

Br,C 


\ / 
N 
H 


■NH 

CO 


oc- 

I 

oc 


\ / 
N 

H 


■NH 

CO 


Two other imidazolidonc compounds, which are significant as related 
to important biochcmicals, arc creatinine, obtained in 80% yield by 
treating creatine with concentrated hydrochloric acid, 24 * 

< NH—CO 

I 

N-CH, 

CH, 

and allantoin, obtained in 70% yield by oxidation of uric acid. 249 


OH 



OC-NH 

NIIjCONHCH CO 
\ / 

N 

H 


J “ Wogncr and Simons. J. Chan. Education. 13. 205 (1930). 

Wagner and Baizer, Org. Sunt/usea. 20. 42 (1940). 

147 Henze. Thompson, and Speer. J. Org. Chem., 8. 17 (1943). 

M Edgar and Ilinegnrdncr. Org. Synlhesta, Coll. Vol. 1, 172 (1941). 
*• Hartman et al.. ibid.. Coll. Vol. 2, 21 (1943). 
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Benzimidazoles are prepared from o-phenylenediamincs by reaction 
with acids or aldehydes. The reaction with acids is of synthetic value 
and is accomplished by heating. Benzimidazole itself is formed in 83% 
yield from o-phenylenediamine and 90% formic acid at 100°. 750 I he 
same procedure gives 68% of 2 -methylbenzimidazole if acetic acid is 
used and is adaptable to formation of other 2-alkyl derivatives.* 61 With 



aldehydes the synthesis requires oxidation and probably, as in the cor¬ 
responding bcnzothiazole synthesis, goes through an intermediate 
bcnzimidazolinc.*”* 6 * In the presence of cupric ion the benzimidazoles 
are obtained in good yields. 



The synthesis of benzimidazoles from acyl o-nitroanilines proceeds 
under reducing conditions. Using ammonium sulfide in alcohol, 60-70% 
of an intermediate, probably the N-hydroxylbenzimidazole, is obtained 
and readily converted to benzimidazole with zinc. 



a XHCHO 
NO, 


2-Hydroxybenzimidazoles are formed in the reaction between o- 
phcnylenediamine hydrochloride and urea. 



NHj 

XHj 


+ NHjCONHj 



X 


/ 


COH + 2NH, 


Bo Wagner and Millctt. ibid., CoU. Vol. a, 65 (1943). 

*' Pool, Harwood, and Ralston, J. Am. CKem. Soc.. 59. 178 (1937). 
“ Wcidenhnsten ond Wecdcn, tier., 71, 2349 (1938). 

*" Fischer, Ber.. 25, 2827 (1892). 
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In their properties and reactions the benzimidazoles resemble imida¬ 
zoles. They resist hydrogenation and oxidation. Vigorous oxidation 
converts benzimidazole to imidazole-4,5-dicarboxylic acid, and naphth- 
imidazole to benzimidazole-4,5-dicarboxylic acid. Alkyl halides alkylate 
and form quaternary salts. The 5- and 6-positions are equivalent in the 
unsubstituted types since the two are tautomers. 




6-Alkyl 

Reaction with hypochlorite produces an N-chloro derivative which 
rearranges to a benz-chloro compound. The process can be repeated to 
replace all hydrogens of the benzene ring with chlorine. 2-Hydroxy benz¬ 
imidazole is stable toward benzoyl chloride and alkali, toward con¬ 
centrated hydrochloric acid at 200°, and to zinc at red heat. s “° 




THIAZOLES 


The thiazoic ring is found in thiamine (vitamin R|) coupled with a 
pyrimidine ring. The enzyme cocarboxylase is the pyrophosphoric acid 
ester of thiamine. The phuramaceuticals sulfathiazole and promizole 
are also thiuzolc derivatives, and mercaptolienzothiazolc, known as 
Captax, is widely used as a vulcanization accelerator. 


X 


(II 



Cl% /C(CHa)=CCHiCHjOH 


CHt-N 
NH, 


•/ 


CH 


X 


Tliianiim* 


HC-N 

HC CXHSO£'H«KH» 

\ / 

8 

SulfMtllilMulc 


HC-X 

1 II 

H 2 NC«H4.SO,C cnh, 

S 

I'romixole 

Syntheses. The most widely used synthesis for thiazolcs is the re¬ 
action between thioamides and halocarbonyl compounds.-” 6 The re- 

*»• Nicincntowski. Her.. 43. 3012 (1910). 

° 3h Wiley. Behr. and England. Org. Reaction*. 6, 367 (1951). 


Or!*.. 

Mercaplobciuothiaiolo 
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actants combine readily with the evolution of heat either alone or in the 
presence of a solvent to give excellent yields of thiazolo. \ arious types 
of reactants used are listed in Table IX. Alkyl and aryl tluoamides 

TABLE IX 

Preparation of Thiazoi.es from Thioamidks 


Thioamide 

Halocarbonyl 

Yield 

Thiazolo 

Refer¬ 

ence 

IICSNH* 

CHjCOCHCICOCHj 

55 

4-Methyl-5-acetyl 

253c 

HCSNH 2 

PhCOCHjBr 

40 

4-Phenyl 

254 

CH 3 CSNH 2 

CHaCHClCHO 

.. 

2.5-Dimethyl 

255 

CHjCSNH* 

p-ClC«H 4 COCHjBr 

95 

2-Methyl-l-p-chlorophcnyl 

256 

CHjCSNHj 

ClCHjCOCHjCl 

75 

2-Methyl-4-chloromethyl 

257 

C«H 6 CSNH 2 

CICHjCOCtH s 

67 

2-PhenyM-ethyl 

258 

NHjCSNHt 

CICHjCHClOCOCH, 

84 

2-Amino 

259 

NHaCSNHj 

ClCHjCH(OC 2 H$). 

68 

2-Amino 

260 

NHjCSNIIj 

CHjCOCHjCI 

70 

2-Amino-4-mcthyl 

261 

NHjCSNH* 

PhCOCHjCI 

85 

2-Amino-l-phonyl 

262 

NHjCSNHj 

CH 3 COCHBrCOiC 3 H s 

82 

2-Amino-4-methyl- 

2G2 

NHjCSNHj 

CHjCOCHClCHjCHjOH 

• • 

5-carbothoxy 

2-Amino-l-mcthyl- 

2G3 




5-<0-hydroxyethyl) 



react as do also many other compounds having thioamido groups. Thio¬ 
urea reacts to form 2-aminothiazoles; ammonium dithiocai hamate, to 
form 2-mercaptothiazolcs; and thiourcthan, to form 2-alkoxythiazolc. 
A wide variety of halocarbonyl compounds have been successfully used. 
The reaction takes place according to the equation to give a 2,5-disub- 

RC-N 

RCOCHXR' + R"CSNH, — || || 

R'C CR" 

\ / 

S 

stituted derivative (when R is H) from thioacetamide. The product 
from thioacetamide and chloropropionaldehyde is identical with that 

Buchman and Richardson. J. Am. CKem. Soc.. 67, 395 (1945). 

144 Hromatka. U. S. Pat. 2.160.867 (1939) |C. A., 33. 7320 (1939)|. 

“ McLean and Muir. J. Chcm. Soc.. 383 (1942). 

** Wcthorill and Honn. J. Am. Chcm. Soc., 66. 970 (1934). 

“ 7 Hooper and Johnson, ibid., 66. 470 (1934). 

** Friedman. Sparks, and Adams, ibid.. 69. 2262 (1937). 

** K>Tides. U. S. Pat. 2.330,223 (1944) |C. A.. 38. 1250 (1944)|. 

IM Leiteh and Brickman. U. S. Pat. 2.230.962 (1941) (C. A.. 35. 3270 (1941)1; Skrimshire. 
Bnt. Pat. 540.032 (1942) |C. A.. 36. 4138 (1942)|. 

**' Byers and Dickey. Org. Sunthcaea. CoU. Vol. 2. 31 (1943). 

*" Dodson and King. J. Am. Chcm. Soc.. 67. 2242 (1945); 68. 871 (1940). 

* u Todd cl ol.. J. Chcm. Soc.. 1601 (1930). 
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obtained from acetamidoacetone and phosphorus pentasulfide. Assum¬ 
ing no rearrangement in the latter synthesis, the product is in each case 
2,5-dnnct hylthiazole. An interesting variation substitutes chlorine, or 
an oxidizing agent such as sulfur trioxide or nitric acid, and a ketone 
for the halo-ketone. 2 *- The success of this type of variation shows that 
carbonyl compounds can be condensed with thioamides without being 
halogenated and considerably broadens the potential utility of the re¬ 
action. In another variation thioamide is replaced by an amide and 
phosphorus pentasulfide. 2 ” By this modification 2,4-dimethylthiazole 
is prepared in 41% yield from acetamide and chloroacctone. 244 Thio- 
formamide is condensed with derivatives of CH 3 CO(T ICICI I 2 CH 2 OH 
to prepare the thiazole part of thiamine. 

2-Hydroxythiazoles are formed in over 70% yield from thiocyanoke- 
tones according to the equation. This reaction has been very carefully 
I IC*I 

RCOCHjSCN —> RCOCH-SCONH; — 

MOII 

- 11,0 -NH RC-N 

RC(OH)=CHSCONH*-^ || | *=> || || 

HC CO HC COH 

\/ \/ 

s s 


investigated as a result of a long-standing controversy between A. 
Hantzsch 2,1 and J. Tcherniac 544 concerning the structure of the product. 

A few acylamidocarlionyl compounds, RCONHCH 2 COR, have been 
converted to thiazoles by heating with phosphorus pentasulfidc in 
various solvents. The yields are not high, and, probably owing to the 
inaccessibility of the reactants, only a few thiazoles have been prepared 
by this method. Apparently no use of the sesquisulfide, P 4 S 7 , in place 
of the pentasulfidc has been made. 

A reaction between potassium cyanide and hydrogen sulfide in ammo¬ 
nium hydroxide gives 15-20% of a product known as chryscan. This 


HC-N 

II II 

II 2 NC CCSXH* 

\/ 

s 


Several 


»U*,» 


HC 


CHaCOXHC 




■N 

II 

CH 


HC-N 

HOjCC CII 

\/ 

S 


compound is probably 5-ainino-2-thiocarbamylthiazole, but the manner 
in which the product can be formed from these reactants has never 
been explained. Chrvsean is converted by acetylation, hydrolysis, and 

Schwarz. Org. Synlhtsea. 36. 35 (1945). 

*« Hantzsch. Btr., 60. 2537 (1927). 

Tchcrniac. Ber.. 61. 574 (1928). 
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decarboxylation 267 to an acetamidothiazolc which is identical with the 
acetamidothiazole obtained from 5-carboxythiazole by a Curtins degra¬ 
dation. 268 

Reactions. The thiazoles which arc structurally similar to thiophene 
and to pyridine show reactions similar to those of pyridine rather than 
those of thiophene. This is particularly apparent in the resistance 
shown toward substitution reactions. At room temperature thiazole 
forms a perbromide which on heating to 250-400° is converted to 2-bro- 
mothiazole, although in low yields.*** 4-Methyl- and 2,5-dimethyl- 
thiazole undergo no bromination at low temperatures but react with 
fuming sulfuric acid to introduce a sulfonic acid group in the 5- and 
4-positions respectively. 270 Nitration of 2,5-dimcthyl thiazole gives 

4- nitro-2,5-dimethylthiazo!c. If, however, a 2-hydroxy or 2-amino 
substituent is present, sulfonation, bromination, or nitration takes 
place under mild conditions. 2-Hydroxy- or 2-amino-4-mcthylthiazolc 
reacts with bromine in chloroform or ice-cold sulfuric acid to form the 

5- bromo com pound. 270 - 270 *- 2708 2-Acclaminothiazolc is converted to its 
5-chloro derivative by sulfuryl chloride in carbon bisulfide, 271 to its 
5-nitro derivative by fuming nitric acid, 271- and undergoes thiocyano- 
genation and mercuration. 2718 2-Aminothiazole is converted to its 
5-sulfo derivative by fuming sulfuric acid at 0° 272 and to its 5-nitro 
derivative by fuming nitric acid. 271- Friedcl-Crafts and Gattermann 
syntheses have been demonstrated to give 2-hydroxy-4-methyl-5-acetyl- 
(or formyl)thiazolcs from 2-hydroxy-4-methylthiazole. When a phenyl 
group is present, either as a ring substituent or fused, substitution takes 
place in the benzene ring. 

The addition of sodamide to 4-methylthiazolc to form 2-amino- 
4-mcthylthiazole is known but the addition of hydrogen to thiazoles to 
form thiazolincs is not. Reducing agents such as zinc or tin and acid 
show no reaction; reagents such as sodium and alcohol produce ring 
cleavage with the formation of mercaptans or hydrogen sulfide and 


**’ Arnold and Soaife. J. Chcm. Soc., 103 (1944). 
m Erlonmcyor el al., Hdv. Chirr. Ada. 30, 1805 (1947). 

m Wihaut and Jansen. Rtc. Irav. ehim.. 63, 77 (1934); Wibaut. Bcr., 72B, 1708 
(1930). 


,T0 Ochioi and Nagasawa. Bcr.. 72, 1470 (1939); Nagasawa. J. Pharm. Soc. Japan. 60, 
271 (1940). 

* ,0 ° English et al.. J. Am. Chcm. Soc.. 68. 457 (1946). 

,TW Zienl >' and Kyridcs. U. S. Pat. 2.457.078 (1948) [C. A., 43, 3042 (1949)1 
* n Pedley. J. Chcm. Soc.. 431 (1947). ‘ 

,n " Gonapatlu and Venkataraman. Proc. Indian Acad. Set.. 22A, 343 (1945) [C. A.. 40, 
4058 (1946)). 

•"* Hurt jmd Wrt-rneU-cr. XW. ,,10, M, a Am. <W San French, Cali/.. 
March-April, p. 37L (1949). 

,n Erlonmcycr and Kiefer. Hdt. Chcm. Ada. 28, 985 (1945). 
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amines. 2,3 lhiazolium salts are cleaved by sodium hydrosulfite, 274 in 
the nitroprusside test, 274 - or by picryl chloride 255 in a reaction that 
probably involves preliminary formation of a pyridone-type compound. 
2-Aminothiazolc is cleaved by hvdroxylamine to glyoxime and sulfur. 
The alkylthiazoles usually undergo ring cleavage on vigorous oxidation. 
For this reason thiazolecarboxylic acids, most types of which are known, 
arc preferably prepared bv ring synthetic methods. 

Thiazolines. 2-Thiazolines are prepared from thioamides and 0-halo 

CHjXHj HXV HjC-N 

I + >CR - | || 

CH ; Hr HS/ HjC CR 

\/ 

S 

amines; from aeyl-0-bromo or hvdroxyamines and phosphorus penta- 
sulfide; and from acyl derivatives of penicillamine, (CH 3 ) 2 C(SH)CH- 
(NHC0CH 3 )C0 2 H. The 0-bromoethyl and alkylenethioureas, RCH= 
CHNHCSNHj, cyclize readily to 2-amino-2-thiazolincs. 2-Mcrcapto- 
thiazoline, which is manufactured for use as a vulcanization accelera¬ 
tor, is formed from carbon disulfide and ethanolamine. 

H-C-N 

HOCHjCHjNHj + CS, -* | || 

HjC CSH 

\ / 

S 


The formation of benzolhiazolincs in the reaction of o-aminothio- 
phenol with ahlehvdes is discussed in a later section. 4-Thiazolines 
exist as keto derivatives in the tautomeric forms derived from 2-hy- 
droxv-, amino-, or thiolthiazoles previously discussed. The thiazolines 


IIC-X 

II II 

IIC con 

\/ 

s 


lie-XII 

II I 

IIC CO 

s 


react usually with ring cleavage. Warm hydrochloric acid converts 
2-methyl-2-thiuzoline or 2-mercapto-2-thiazoline to 0-aminoethanethiol. 
Oxidation of 2-phenvl-2-thiazolinc forms benzoyltaurine. Attempts to 
reduce thiazoles to thiazolines have been unsuccessful. 

* !l Erlenmeyer and Simon, ibid.. 25. 528 (1942). 

v* Lipmann and Pcrlmann. J. Am. Chrm. Soc.. 60, 2574 (1938). 

«*• Schobcrl and Slock. Uer., 73B. 1240 (1940). 
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Thiazolidines. 275 Thiazolidines arc formed readily from carbonyl com¬ 
pounds and cysteine or 0,0-dimethylrysteine (penicillamine). 'Hie prod- 


RoCO + HSCH : CHNH*CO s H 


HO-CCH-NH 

I I 

H ? C CR- 

\ / 

8 


nets form readily at low temperatures under various conditions and 
are isolated as the hydrochlorides. Formaldehyde, aldehydes in gen¬ 
eral, 276 and ketones 277 form thiazolidines. The reaction has been used 
to prepare penicilloic acids, which are the primary hydrolysis products 
of penicillin, from penaldic acids and penicillamine. 27 * Although similar 
to the proposed 0-lactam penicillin formula, the penicilloic acids are 
inactive and not activated by reactions designed to close the 0-lactam 
ring. The condensation of di phenyl ketone with 2-phenvl-2-t h in zoli no 


S 

/\ 

RCONHCH—OH C(CH a ), 

I I I 

OC -X- CHCOjH 

Penicillin 

gives a condensed 0-lactam-thiazolidine ring system like that observed 
in penicillin. 275 

(C$H$)jC C(C*H*)—S (C*H*) S C—C(C*H S )—8 

11 +I! I — II | 

OC N—CHj—CH* OC-N-CH,-CH 2 

The hydrolytic stability of the thiazolidine is markedly influenced by 
substituents. 5,5-Dimethylthiazolidine-4-carboxylic acid is hydrolyzed 
instantaneously on boiling with water, whereas thiazolidine-4-car- 
boxylic acid is not hydrolyzed after 3 hours' boiling with water. 279 " 
The sulfur atom of the thiazolidine ring is readily removed by Raney 

* n Clarke, Johnson, and Robinson, editors. "Chemistry of Penicillin.” Princeton Uni¬ 
versity Press, Princeton. N. J. (1949). Chapter 25. 
m Soloway el of.. J. Am. Chan. Soc.. 70. 1667 (194S). 

177 Wiley and Jeffries, ibid., 71, 1137 (1949). 

*" Reference 275, Chapters 17, 18. 25. 26. 

,,fc * Reference 275, p. 926. 


RCONHCH jCHCHO HSC(CH,)* 


I 


HiXCHCOsH 


H0*C 

Prnnldic acid 

s 

/\ 

RCONHCH—CH C(CH,), 

I I I 

H0 2 C HN-CHCOjH 

Penicilloic arid 
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nickel in aqueous sodium carbonate. Thus, benzylpenicilloic acid gives 
N-phenvIacetamidoethylvaline. 

S 

C«H 5 CH 2 COXHCH 3 CH C(CH 3 ) 2 

I I 

XH-CHCO.H 

CeHjCHxCOXHCHtCH* CH(CH, ) s 

I I 

XH—CHC0 2 H 

Penicillin in this reaction forms desthiobenzylpenicillin, the only deg¬ 
radation product which appears to contain the /5-lactam ring. 27 '* 

C 4 H 5 CH 2 COXHCH—CH ; CH(CH s ) 2 

I I I 

CO—x— chco 5 h 

2-Mercapto-Mhiazolidone, known as rhodanine, is prepared from 
sodium cldoroacetate and ammonium dithiocarbamatc. 879 

OC-XH 

CICHjCOjXa + XH-C(.S)SXH 4 — | | 

HjC CS 

\ / 

s 

The methylene group is reactive and condenses with aldehydes in a 
Perkin-type synthesis. The reaction product can be converted to 
various open-chain compounds and to a 5-arylidene derivative, 

OC-XH 

I I 

RCH=C CS 

\ / 

S 

which undergoes reactions similar to those of the azlactones. 

Benzothiazoles are prepared in 00-90% yields by heating o-amino- 
thiophenol with acid anhydrides or chlorides in dimethylaniline. Formic 
acid-acetic anhydride mixtures give benzolhiazole itself. 



™ Reference 275. p. 244. 

Julian and Sturgis. J. Am. Chem. Soe., 67, 1120 (10.15). 
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When aldehydes or acetone react with o-uminothiophenol, bcnzothiaz- 
olines are formed and can be separated in 70-90% yields. 3 * 0 The benzo- 
thiazolines are easily oxidized and can be converted by oxidation to 
benzothiazoles during the reaction or in purification and isolated as such. 



Another synthesis of benzothiazoles involves eyclization of thio- 
anilides, RCSNHAr, by oxidation. Potassium ferrievanide is often the 



oxidizing agent used, although bromine or sulfuryl chloride 3 * 1 functions 
as such in the preparation of various 2-aminobcnzothiazolcs from phenyl- 
thiourea. 383 

The extensively used vulcanization accelerator, 2-mercaptobenzo- 
thiazole, is formed in many different reactions. A direct synthesis uses 
o-aminophcnol and carbon disulfide. Other methods require heating 
at 225-250° aniline with carbon disulfide, ammonium or zinc dithio- 
carbamate, or thiocarbanilide. Kach of these methods gives over 75% 
yield of 2-mercaptobcnzothiazole. 3M In the thiocarbanilide synthesis, 
the compound 



is formed and cyclizcd by loss of aniline. This is indicated by the fuct 
that 1-anilidobenzothiazole, formed by loss of hydrogen sulfide from the 
same intermediate, is always found in small amounts and does not react 
with hydrogen sulfide to form the 2-thiol. A series of alkyl and alkoxy 
benz-substituted derivatives was prepared by each of the four methods 
m yields varying from 17% to 77% of 2-mcrcaptobenzothiazole. 3M 

M0 Lankclma and SharnofT. ibid., 63, 2654 (1931). 

Ml Allen and .Mian. Org. Synlhau, 22, 16 (1942). 

m Kirk ’ Johnson * and Blomquist. J. Org. Chem.. 8, 557 (1943). 

Sebrell and Boord, J. Am. Chcm. Soc., 46. 2390 (1923). 
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Cyanine dyes of the benzothiazole class are of considerable interest 
as sensitizers for photographic film. The basic thiacyanine structure, 
of which many variations have been prepared, forms on reactions of a 


benzothiazole ethiodide with a 2-methylbenzothiazole ethiodide in pyri¬ 
dine. In this reaction a vinylogons carbothiocvanine, in which a 
=CH—CH=CH— group joins the rings in place of the methine group, 
is also formed. The extra carbon comes from cleavage of the 2-methyl 
group from the ring or may be supplied by adding ethyl orthoformate 
to the reaction mixture. 

Thiazole, or primuline, dyes are a class of dyes obtained from dehydro- 
thiotoluidine. This intermediate, which is thermally stable at its b.p., 
434°, is formed on heating p-toluidine with sulfur. 



Primuline base is formed on heating with more sulfur by further 
benzothiazole ring formation. Sulfonation gives primuline. Columbia 
yellow is an azo derivative obtained by oxidation of a sulfonated dchv- 
drothiotoluidine. 

Substitution reactions of benzothiazoles usually give benz-substi- 
tuted derivatives. Nitration introduces a nitro group at the 6-position, 
and sulfonation gives a mixture of 4-, 6-, and 7-sulfonic acids. Bromine, 
which forms a perbromide in chloroform,reacts at 450° 2RS to form 
2-bromobcnzothiazole. Substitution in the 2-position takes place with 
phosphorus pentaehloridc anti with sodamidc to give the 2-ehloro and 
2-amino compounds respectively. Benzothiazolcs with 2-substituents 
undergo substitution, usually in the 6-position, niore readily than 
benzothiazole itself. The disulfide of 2-mercaptobenzothiazole forms 
a 6,6'-dinitro compound with sulfuric-nitric acid which can be oxidized 
to 6-nitrobenzothiazole in 75% overall yield.*** 2-Chloro-, 2-amino-, 
and 2-hydroxy benzothiazole are nitrated to form 6-nitro and brominatcc 

»» Hunter. J. Chcm. Soc.. 125 (1930). 

** Jansen and Wibaut. Rte. Irat. chim .. 56. 099 (1037) 

Cutter and Golden. J. Am. Chcm. Soc.. 69, S31 (194*). 
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in chloroform to form G-bromo types. 5 " 7 The various ^substituted 
benzothiazoles are usually prepared either by a suitable ring closure or 
by exchange of groups. The latter reaction takes advantage of an in¬ 
creased reactivity of the 2-substituent. Thus, the 2-chloro is replaced 
on reaction with dilute alkali by a hydroxy group, and the 2-mercapto 
is replaced by chloro on reaction with phosphorus pentaehloride or 
chlorine in aqueous acetic acid. 5 ** 

The benzothiazole ring is opened in reaction with benzoyl chloride 
and sodium hydroxide, forming dibenzoyl-o-aminothiophenol and formic 
acid. Hydrogenation of 2-mercaptobenzothiazole over cobalt sulfide 
catalyst forms a mixture of o-aminothiophenol and benzothiazole. 5 * 9 


OXAZOLES 

Interest in the oxazoles, 59 ®- 591 and in related oxazolines and oxazolones, 
arises from the wide variety of syntheses that have been found to lead 
to these heterocycles and also from the close relation between these 
heterocyclcs and the N-acylamino acids. Much of our knowledge of 
the system is an outgrowth of studies on the structure and synthesis 
of penicillin for which a structure (-4) having an oxazolone moiety was 
proposed. The alternative and generally accepted /3-lactam penicillin 
structure is discussed in the section on thiazolidines. 


RC=N—CH- 



S 

/\ 

CH C(CHj) 2 


HCO*H 


Syntheses. The most widely useful oxazole syntheses are: (a) dehy¬ 
dration of a-acylamidocarbonyl compounds, (6) condensation of a-halo- 
carbonyl compounds with amides, and (c) condensation of aromatic 
aldehydes with their cyanohydrins. The dehydration of a-acylamido¬ 
carbonyl compounds is illustrative of conventional hcterocyclizations. 


RCOCH 3 NHCOR' 


RC=CHN=CR 

I I 

OH HO 


i' 


HC- 


N 


RC CR' 

\ / 

0 


ind ‘ unir - Bolo * na ' No - 2 - 3 <1943) |C. A., 41 754 #104711 
“* Findlay and Dougherty. /. Am. Chem. Soc., 68. 1G06 (1946) ( 

- ic. ,,946) ic - “• s7m <i94o »- 

**' Reference 275. Chapter 21. 
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Sulfuric arid is the preferred dehydrating agent, and yields arc often 
nearly quantitative. 2 ** The reaction is of particular interest because 
the acylamido ketones used as starting materials ait* formed in ex¬ 
cellent yields by reducing isonitroso ketones in acetic anhydride mb or 
by heating a-amino acids with acetic anhydride in pyridine. 2 ” 

NH 5 CH 2 C0 2 H + 2(CH a C0);0 -> 

CHaCOX HCHjCOCHj + 2CH,C0 2 H + C0 2 

a-Amino acid esters, substituted for the ketone, form 5-alkoxyoxazoles. 
A reaction related to this type of synthesis is the conversion of hydroxy- 
methylene imido esters to oxazoles. The starting compound is prepared 
from ethyl glvcinate and an imido ester. 2 ** 

1 " I W II I' 

R'O MR HCOK R'O HOAc hc cr 

\ / 

0 

The condensation of a-halocarbonyl compounds with amides to form 
oxazoles is much less useful than the corresponding thiazole synthesis 
from thioamides. The yields are usually low, and the reaction has not 

RCOH HX RC-X 

II + II - II II 

HCX HOCR' HC CR' 

\ / 

O 

been as widely used as other oxazole syntheses. 2-Aminodxazole is 
obtained in 7% yield from urea. 2 ” 

The aldehyde-cyanohydrin oxazole synthesis was discovered by Emil 
Fischer. 2 ** Hydrogen chloride passed into an ether solution of an aro¬ 
matic aldehyde and its cyanohydrin causes the oxazole to precipitate 
as its hydrochloride. The structure of the product was established 

HC-X 

RCHO + R'CHOHCX || || 

ICC CR 

\ / 
o 

M (a) Wiley. J. Or 0 . Chcm.. 12. 43 (1047); (M Trcihs ami Sutler. Chcm. Her.. 84. 90 

(, ?« Wiley and Borum. J. Am. Chcm. Sot.. 70. 2005 (104S,; 72. 1020 (1050). 

** Cornforth ,/ al.. J . Chcm. Soc.. 00 (1947): 1000 (1048). 

« Andcrtton ct al.. J. Am. Chcm. Soc.. 64. 2902 (1942). 

*»• Fischer. Ber.. 29, 205 (1896). 
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through synthesis by other methods. The reaction has been used to 
synthesize many oxazoles with aromatic substituents. Aliphatic alde¬ 
hydes do not condense with their cyanohydrins to form oxazoles. 

Oxazoles are also formed in the following reactions: (a) from dcsyl 
esters, C 6 Hr,COCH(OCOR)CoH 5 , and ammonia; (6) from bcnzil and 
ammonia; (c) by reduction of oxidooxazoles formed from aldehydes and 
monoximes of 1,2-diketones; and ( d ) from benzoin and nitriles. None 
of these reactions is completely understood. 

The oxazoles are weak bases of exceptional thermal stability. They 
are difficult to reduce and stable toward hydrolysis in the absence of 
alkoxy or amino substituents. Thus, 2,5-dimethyloxazolc is quantita¬ 
tively recovered after 6 hours’ treatment with 15% hydrochloric acid 
at 100°. Under much less drastic conditions alkylfurans arc completely 
cleaved. With strong acids and at high temperatures oxazoles arc de¬ 
composed, as they are.also with most mild oxidizing reagents. The 
introduction of a 5-alkoxyl substituent markedly decreases the hy¬ 
drolytic stability of the ring. Resonance involving structures such as 
the following probably best explains the peculiar stability. 


HO—X 

I I 

HC "CH 

\ / 

O 


HO 


HC- 

\ 


O 

+ 


X 

I 

CH 


HC- 

II 

HC 
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■x- 

CH 


0 

+ 


HC- 

I 

HC 


\ / 
0 
+ 


N 

II 

CH 


HC- 


HC 




X 

II 

CH 


Oxazolines. Of the three possible dihydrooxazolcs only the 2-oxaz- 
olincs arc at all well known. 2 * 7 The 2-oxazolines are prepared by cycli- 


HjC-X 

I II 

HjC CH 

\ / 

0 

2-Oxmolinc 



HC-NH 

II I 

HC CH, 

\ / 

O 

4-Oxoxolino 


*" Wiley ond Bennett, Chem. Raa.. 44. 447 (1W9). 
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zation of d-halo- or 0-hydroxyalkyl amides. Dehydrohalogenation is 
usually done by heating with alkali. 


R'HCCH.NHCOR 

I 

X 


R / HCCH*N=CRl HV 

I I 

X HO 


H : C- 

I 

R'HC 


■N 


\ / 
0 


CR 


2-Phenyloxazoline is thus obtained in 50% yield, and 2-oxazoline itself 
is prepared from 0-chloroethylformamide. 298 The hydroxyamides, 
available from ethanolamines, are dehydrated with sulfuric acid or by 
pyrolysis. 29 * The 2-oxazoIines play an interesting role in the inter- 


oh- 

R CH(OCOR)CHjXHj 5== 



=* R'CHOHCHjNHCOR 



conversion of 0- and N-acvl derivatives of amino alcohols. The 2-oxaz- 
oline or hydroxyamide is converted to an amino ester on alkaline hy¬ 
drolysis; the 2-oxazoline or amino ester to hydroxyamide on acid hy¬ 
drolysis. Under dehydrating conditions cither ester or amide is con¬ 
verted to oxazoline. The ester may be converted to the amide before 
cyclization. 

Oxazolones. Oxazolones arc kctooxazolincs formally derived from ox- 
azolines by replacement of a methylene group by a carbonyl group and 
are tautomers of hydroxyoxazoles. Of the five possible structures the 
5-oxazolones, tautomers of 5-hydroxyoxazoles, are important as cyclic 
anhydrides of a-acylamino acids. They are also known as azlac- 
toncs. 291 - 299 They are formed as 4-arylidcnc derivatives in the Erlen- 

R'CHNHCOR 
COjH 

meyer azlactone synthesis 299 ‘ of amino acids. In the first step of this 
synthesis an aldehyde (preferably aromatic), acetic anhydride, and 
hippuric or aceturic acid combine to form a 4 -arylidenc- 5 -azlactone. 

m Weaker. J. Am. Chcm. See.. 57, 1079 (1935); 60. 2152 (193S). 

»*» Carter. Org. Reactions. 3, 198 (1946). 

>H) This synthesis is discussed on p. 1107 in Vol. II of this Treatise. 
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The active methylene group of the oxazolone, formed as an intermediate, 
condenses with the aldehyde. 


AejO 


C 6 H 6 C0NHCH 2 C0 2 H 

H 2 C-N 

I il 

OC CC*H$ 

\ / 
o 


CiH»CIIO 


C 6 H 4 CH=C- 


N 


I II 

OC CCtHi 

O 


When ethyl orthoformate is substituted for the aldehyde, the product 
is 4-ethoxy met hylene-5-oxazolone. The reaction is of limited utility, 


RC0NHCH 2 C0 2 H —-> 


H*C— 

—N ‘ 

1 

II 

OC 

CR 


\ / 
o 


ncioc;ii»)j 


C 2 IUOCH=C- 


■N 


OC CR 

\ / 
o 


however, and cannot l»c used, for example, where II is benzyl. 5 * 96 This 
cthoxymcthylcneoxazolone, where R is benzyl, reacts with penicillamine 
(0,0-dimethylcysteine) to form benzyl penicillin in such minute yields 
that the course of the reaction is in doubt. m ' Bcnzylpenicillenic acid 

(CH,) s CSH CH=C-N 

nrx \ I I II 

R0 2 CCH—NH OC CCH 2 C*Hk 

\ / 

0 

Demylpeokillrnic arid 

has been isolated in 08-78% yield from this react ion. 59M 

The 5-oxazolones are readily prepared by heating the acylamino acid 
with acetic anhydride. Phosphorus tribromide in pyridine also converts 
acylamino acids to oxazolones. The acid bromide apparently exists as 
an oxazolone hydrobromide which is converted to oxazolone by the 
pyridine. This reaction is similar to the conversion of a-acylamino- 


RCONHCHIt / C0 2 H 


PBn 


R'HC- 


I 

OC CR 

\ / 

0 


f H Br " P>*ridinc R'HC- 
-> 


-N 


OC CR 

V/ 

M ** Reference 275. p. 743. ” ^ 

Ibid., p. 1018. 

Carpenter. Turner, and du V»Kneaud. J. Biol. Chem.. 176. 893 (1948). 
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ketones to oxazoles. In a similar reaction 0-hydroxy-a-acylamino acids 
are converted to -l-arylidene-5-oxazolones. 

C«H 5 CH0HCHC0 2 H . - 


C«H&CH0HCH—NHCOCHs 


CO-11 


C«H*CH=C-N 

I II 

OC CCHj 

\ / 

0 


The 5-oxazolones are heat-labile compounds which react as acid 
anhydrides. With water, acids, alcohols, thiols, amines, and similar 
reactants, the ring is opened and an amide formed. 


RHC-N 

I II 

OC CR 

\ / 
o 


-I- HX 


:HC-NH 

I I 

XCO OCR 


The 4-alkylidenc types are more stable than the unsubstituted oxazo- 
lones toward such ring fission. Thus, cold water or moist air converts 
unsubstituted oxazolones to amides, whereas 4-arylidenc types are 
usually stable to cold water. The 4-hydroxymethylene-5-oxazoloncs 
react with alcohol to form esters of penaldic acid, a degradation product 
of penicillin. 


HOHC=C- 


OHC—CH-NH 

+ R'OH — | | 

COjH OCR' 


OC CR CO : H OCR' 

\ / 
o 

Benzoxazoles arc formed from o-aminophenols. Benzoxazolc cyanine 
dyes, similar to those prepared from benzothiazoles (sec p. 802), are 
among the most effective sensitizers for photographic emulsions. 

OTHER FIVE-MEMBERED HETEROCYCLES 

In addition to the five-membered heterocyclcs discussed in the pre¬ 
ceding sections, there are several other five-membered types which 
contain two or more hctcro atoms. These include isoxazoles isothmz- 
oles, triazoles, oxadiazoles. thiadiazoles, and tetrazoles. All ot tnese, 
except the isothiazoles, are known and will la- discussed in tins section. 
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HC-C1I 

HC-CH 



II II 

II II 



HC N 

HC N 



\ / 

\/ 


• 

0 

S 



Isoxaxolc 

Ixiihiatolc 




V CH 

N - N 

HC- N 

II 

HC-Cll 

II II 

II II 

ii ii 

HC X 

N N 

HC N 

HC CH 

\ / 

\ / 

\ / 

\ / 

N 

N 

N 

N 

R 

R 

R 

H 

1 2 3-Tria*ole 

l.2.S-Tri«iol« 

1.2.4-TriMolc« 

1.3.4-Tri«*ole 

(1,2.3,lll-triaiolc) 

osolriuole 

(1.2.4.1 ll-triaiolc) 

(1.2.4.4 ll-lriuiolc) 


<l.2.3.2H-«ri**ole) 



f j/> fy IT 

xt r' ur 

V V 

HC-N 

HC-UI 

A- 



II II 

II II 

II II 

II II 

N N 

HC N 

HC CH 

HC N 

\ / 

\ / 

\ / 

\ / 

0 

0 

0 

0 

1.2,5-Oftadiazole 

1,2.4-Oaadiazolr 

l.3.4-0*»dia*olo 

1,2,3-Oxndioiolo 

(uraian 

aioxunr 

(1.3.4.|l.i«di«*.dr) 

( 1,2.3-t)iiadiuiolr) 

(1,2,5-tliiadiaiolc) 

( 1 .2.4-t hiadia»«dr) 


• 


N-N 

II II 

HC N 

\ / 

N 

II 

Tctr&iolc 

Isoxazoles are prepared from hydroxylamine or its derivatives. The 
syntheses arc similar to those observed in the pyrazole series. Monox¬ 
imes of /3-diketones or acetylenic carbonyl compounds are used. 

RCOCHaCOR RCOCH,CR HC-CR 

or + NHjOH - II - || || 

RC=CCOR HON RC N 

\ / 

0 

The isoxazoles are weak bases and stable toward alkaline hydrolysis 
if substituted in the 3,5-positions. Those unsubstituted in the 3-position 
are readily split by cold alkali to ketonitriles with which they arc iso- 

HC-CH 

|| — RCOCH*CN 

RC N 

\ / 
o 
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meric, whereas those unsubstituted in the 5-position are split to an acid 
and a nitrile. Heating with ammonia converts isoxazoles to pyrazoles. 
A sulfonamide of 5-aminoisoxazole has been reported to be an especially 
effective sulfa-type drug. 2 ** The role played by both isoxazoles and 
benzisoxazoles in the determination of the configuration of syn and anti 
oximes has been described previously on pp. 457-470 of Vol. I of this 
Treatise. 

Isothiazoles are unknown in the uncondensed ring form. The thio 
analog of hydroxvlamine from which the isothiazoles could be prepared 
is also unknown. Benzisothiazoles have been prepared. 

Triazoles. The four types of triazoles reduce to only two types when 
unsubstituted by virtue of a tautomerism similar to that observed with 
imidazoles and pyrazoles. The related pail's will be discussed together. 


HC-N 

II ^ 

HC X 

\ / 

N 

H 

1.2.3-Triaiolr 
I.2.3.I ll-tnaiule 



1.2.5-TriBiolc 
1.2.3.211-triaiolr, 
I'otriarolc 


X-CH 

II II 

HC X 

\ / 

X 

II 

1.2.4-Triiuol* 
1.2.4. lH-triaiulc 


N=—CH 

I I 

IIC XH 

\ / 

X 

1.3.4-Tnaiolc 

1.2.4.211-lnuiolr 


The 1,2,3-triazoles 2M/ are formed from azides and acetylenic com¬ 
pounds, 0-keto esters, diethyl malonate, 1,3-diketones, ethyl cyanoace- 
tate, and even with ethyl acetate itself. The condensation takes place in 
alcoholic sodium ethoxide. Csing diethyl malonate a 5-hydroxy-4- 

NaOC*ll» C,H fc O,CC-N 

CelUXa + CH,COCH 2 CO ? CdU -> || II 

CHjC N 

\ / 

N 

I 

C«H* 

carbethoxy derivative is obtained; benzoylacetophenonc forms a 4,5- 
diphenvl derivative; and ethyl cyanoacetate forms a 5-amino-4-carb- 
ethoxy derivative. With ethyl acetate, phenylazide forms 1-phenyl- 

Science Sexcs Letter, 65, 392 (I949>. 
tnj Bcn>on an«l Sovell. Chem. Rrrt.. 46. 1 (1950). 
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5-hydroxy-l,2,3-triazole. When a substituted azide is used the 1,2,3- 
triazole form is always obtained, but with hydrazoic acid the product 
is free to undergo tautomerism between the 1,2,3 and 1,2,5 forms. Hy¬ 
drazoic acid in ethanol heated in a sealed tube at 100° for 70 hours with 
acetylene in acetone forms the parent compound. Phenylazide reacts 
more rapidly. HC _ N 

HNa + CH=CH -> U || 

HC N 

\ / 

N 

H 


Benzotriazoles are obtained by the action of nitrous acid on o-phcnylcnc- 
diamines. 

The 1,2,3-triazoles arc remarkably stable to oxidation. Alkyl-1,2,3- 
triazoles and benzotriazole are oxidized by permanganate to triazole- 
carboxylic acids. 5-Aminotriazoles can be diazotized. 

1,2,4-Triazoles are formed by cyclization of (a) acylhydrazidines or 
(b) diacylhydrazincs. Aminoguanidine in the first type of reaction is 


(a) 


NHCOCHj Acj0 

I -» 

RC=NNH, 


N-CR 

II II 

CH*C N 

\ / 

N 

H 


( 6 ) 


HN- 

I 


NH 


NHi 


CHjCO OCCHj 


N- 

II 

CHjC 


■N 


N- 


CCHs 


\ / 
N 

H 


CCH, CH,C 


\ / 
N 

H 


N 


converted in 85% yield to 3-amino-1,2,4-triazole by heating with formic 
acid, 5991 and urazole is obtained from biuret and hydrazine. 


N-N 

NH,C(NH)NHNH, + HCO,H — || || 

H,NC CH 

\ / 

N 

H 

NHjCONHCONHi + N,H 4 -♦ 


[NHsCONHCONHNHs] 



HOC COH 
\ / 


N 

H 


Allen and Bell. Org. Synlhaa. 26, 11 (1940). 
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(1 uanazoic is obtained from dicvandiamide and hydrazine. 299 * 

NC X HC(NH) N Hj + N S H 4 — 

N-N 

|NCNHC(NNHj)NHj1 -» || || 

HjNC CNHj 

\ / 

N 

H 

11 ,c 1.2(3),4-triazoles are also stable to oxidation. Permanganate 
oxidation converts alkyl derivatives to carboxylic acids. The amino 
compounds are diazotizable. 

Oxadiazoles and the corresponding thiadiazoles arc often prepared 
from the same starting materials. Dioximes of 1,2-diketones (glyoximes) 
are converted tofurazans (1,2,5-oxadiazoles) by alkali. Their conversion 
to 1,2,5-thiadiazolcs lias not been observed. 


RO¬ 


CK 


Alkali 


RO¬ 


CK 


NOH NOH 


N N 

\ / 

0 

Furman 


Furazans resemble isoxazoles in being very readily hydrolyzed if un¬ 
substituted in the 3- and 4-positions. Oxidation of methyl substituents 
to carboxylic groups has been recorded. 

1,2,4-Oxadiazoles are formed from amidoximes (hydroxamamidcs) on 
heating with acetic anhydride. With carbon disulfide, 5-thiol-1,2,4-thia- 
diazole is formed. 

IIX-OR 4 X-CR 


CHjCO 


X-OR 

I II 

CO XOH 


CHjO N 

\ / 

0 


HjNCR 

II 

NOH 


Ac^o/' 


csi' 


X 

II 

HSO 


-CR 


N 


\ / 
S 


The interme<liate acylamidoxime is also formed during a Beckmann 
rearrangement of a glyoximc with resultant formation of the 1,2,4-oxa- 

*»** Pollizzari. <7ozz. chim. Hal.. 24, 1481 (1S94). 


HETEROCYCLIC CHEMISTRY 


815 


diazole. The stability toward hydrolysis and the high volatility of these 
compounds indicate a similarity to the oxazolcs. 

1,3,4-Oxadiazoles are formed by dehydration of diaeylhydrazincs. 
With phosphorus pentasulfide a 1,3,4-thiadiazolc is formed. 


HN-NH 

I I 

CHjCO OCCH3 


Ac*0 


N-N 

II II 

CH,C CC H3 

\ / 

O 


A 1,2,3-oxadiazole structure has been proposed for the diazo com¬ 
pounds obtained from active methylene compounds. These products, 
known as diazo anhydrides, are now thought to l>e open-chain aliphatic 
diazo compounds. They react with ammonia to form 1,2,3-triazoles, 


CH3COCHCOCH3 HONO 
NH, 


... CH3COC-N 

CH,COCN T ,COCH, —|| || 

CH3C X 

\ / 

S 


as noted previously, and with hydrogen sulfide to form 1,2,3-thiadiazoles. 
Alkyl derivatives of the latter have been oxidized to acids. Diazotizcd 
ortho aminophenols also exist as anhydrides and present a similar struc¬ 
tural problem. The first diazo compound ever prepared was that formed 
by diazotization of picramic acid. 5 ** The benzo-l,2,3-oxndiazole 



structure is not currently accepted but is commonly given in textbooks 
as the formula for the product known as “Dinol,” which is used as an 
initiator. These diazoanhydrides are believed to be diazoquinones or 
inner salts or resonance hybrids J **' thereof. 



Tetrazoles have been proposed for use as explosives, and metrazolc, 
1,5-pentamethylenetetrazole, is a general cardiac and respiratory 

,M * Griess, Ann.. 106, 123 (1858). 

" 0rg “ ic Ch *“ U ‘ t,y o' Nitrogen." Oxford University Press, London 

(1V42J, p. 423. 
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stimulant. Tctrazoles have been prepared by an amazing variety of 
react ions. 29 ** Two of these are of sufficient generality to mention here. 
Hydrazoic acid reacts with a variety of cyano compounds to form tetra- 
zoles. 1 etrazole itself is formed in 75% yields from anhydrous hydrogen 
cyanide and hydrazoic acid in benzene solution when heated at 110° for 
90 hours. Isocyanides form 1-aryl or alkyl tetrazoles. Ethyl cyano- 
formate forms 5-carbethoxytriazole; cyanogen forms 5-cyanotetrazoles 
and 5,5'-bistetrazolyl; cyanogen bromide forms 5-bromotetrazole; and 
cyanamide forms 5-aminotetrazole. The last compound has been ex¬ 
tensively studied. 

N-N 

HtNCN + NjH — || || . 

H,NC N 

\ / 

N 

H 

Hydrazoic acid reacts with ketones in the presence of sulfuric acid 
to form 1,5-disubstitutcd tetrazoles. An oxime sulfate is a probable 

n*so« N-N 

CHjCOCHa + 2HX, * || || + N, 

CH,C N 

\ / 

N 

CHa 


intermediate in the reaction, 
from cyclohexanone. 



Metrazole is prepared by this reaction 


/ 

OH, 

\ 


ClIiCH;C=N 


\ 

3 


N + N, 


CH;CH,N—N 


In the other rather general synthesis of tetrazoles a hydrazidine is 
treated with nitrous acid. The intermediate is probably an azide, and 
in the reaction with aminoguanidine an azide intermediate has actually 
been isolated and converted to 5-aminotetrazole on heating with sodium 


acetate. 


NH,C(XH)XHXH, XH 2 C(XH)X a 


N- 


H,XC 


\ / 

X 

II 


-X 

II 

N 


nik Benson. Chrm. Revs., 41, 1 (1947). 
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Arylhydrazides, formed from imino esters and hydrazine, arc con¬ 
verted without isolation to 5-aryltetrazoles. S-Methylthioscmicarbazide 
is converted to 5-methylmcrcaptotetrazole, which can in turn he hy¬ 
drolyzed to the 5-mercapto derivative. 


N-N N-N 

CH^C(NH)NHNH 2 — II II -* II II 

CH,SC N HSC N 

\ / \ / 

N N 

H H 


The tetrazoles show a number of characteristic ring reactions. Sensi¬ 
tivity to explosion on heat or impact has been the basis for use as initi¬ 
ators. Many tetrazoles show this behavior. The ring is, however, 
sufficiently stable to permit oxidation by permanganate of 5-amino- 
tetrazole to the salt of 5-azotetrazolc; of 5-mercaptotctrnzolc to 5-sulfo- 
tetrazolc; and of 5-aminophenyItetrazole to tctrazolc itself. The ring 
appears to be rather easily degraded by hot alkali but not by hot acid. 
Thus, 5-aminotetrazole is stable to hydrochloric acid at 100° but is split 
at 200°. 

2,3,5-Triphcnyltetrazolium chloride is used as an indicator for bio¬ 
logical reductions. 1 ”' The salt is formed on lead tetraacetate oxidation 
of triphenylformazan, which is in turn formed from a phenylhydrazonc 
and a diazo compound. 3 ”" The formazan is a deep red and can be 

C«H*CH-NNHC.H* + C,H*N=NOH — C.H fc C(=NNHC«H0N-NC«H 6 

mi] |pb(ocociij>* 

N—NC«Ht 

C«H$C 

\ 

N=N—CftHs 
+ 

ci- 

dctected colorimetrically. The reduction potential of the tetrazolium 
salt has been determined. 

PYRANS 

A wide variety of pyran compounds occur naturally. Most of them 
are condensed-ring types, and many show some type of physiological 
activity. Among these compounds are rotenone,” 0 flower and plant 

Black and Kleiner, Science. 110, 660 (1949). 

**•" Jerchcl and Mdhlc, Der., 77, 591 (1944). 

M Haller, Goodhue, and Jones. Chem. Rett.. 30, 33 (1942). 
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pigments, 301 compounds with marijuana activity, 302 vitamin E, 303 cla- 
vacin, 304 and diroumarol Dyes of the eosin and fluorescein type are 
also condensed pyran systems. Parasorbic acid, a naturally occurring 
< 1 ihydro-o-pyrone, is a differential cell-growth regulator. Coumarin, 
or benzo-a-pyrone, is a widely used perfume and flavoring ingredient. 
Annual production in the United States is currently around half a 
million pounds. 

Syntheses 


I he methods of preparation of each of five basic pyran ring systems, 
o-pyran, y-pvran, a-pyrone, y-pyrone, and pyrylium salt, will be treated 
separately. 



a-l’yran ^-I'yran a-l'yroi»r ■»-!’> rone 

(U-) !!.«-> 


I'yrylmiii 

«ult 


a-Pyrans. Neither a-pyran nor any simple derivative of o-pyran 
has been isolated. 

y-Pyrans are known and are formed by cydodehydration of some 
substituted 1,5-diketones. y-Pyran itself and simple alkyl y-pyrans 
have not been prepared in this reaction, but a,a'-diketopimelic acid is 
converted to y-pyran-2,6-dicarlx>xylic acid in good yields by treatment 
with concentrated sulfuric acid, 30 * and 2,4,4,6-tetraphenyl-y-pyran is 
obtained in 67% yield from the corresponding diketone. 307 


HO-iCCOtC II j)*COC( )»I I 


HO,C— 1 C^--CO,H 
O 


Pyrylium salts are obtained from syntheses conducted in the presence 
of strong acid reagents. An example of such a synthesis is the formation 
of a 2,4,6-triphenvIpyrylium salt from benzalacctophcnone and accto- 

»' Link in Gilmnn, "Organic Chemistry." Jolin Wiley A Sons. New York (1943). 2nd 
ed.. Yol. II. p. 1315. 

191 Adams. I.oewe. Theobald, and Smith. J. Am. Chtm. Soe.. 64. 2053 (1942). 

*» Smith. Chtm. Rets.. 27. 2S7 (1940). 

*>« CavolicH. ibid.. 41. 523 (1947). 

*4 Stahmann. Wolff, and Link. J. Am. Chtm. Sot.. 66, 2285 (1943). 

»• Blaise and Gault. Bull. sot. ehim. France. |4| 1. 129 (1907). 

Carvalho. Ann. chim.. (11) 4. 4SG (1935). 
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phenonc under (he influence of ferric chloride or horon trifluoride. 308 

C 6 H 5 

I 

CH 

CH CH 3 

I I 

C« HiCO OCC*Hs 

Acetophenone alone under the influence of boron trifluoride also forms 
triphenylpyrylium fluoborate. 30 *- 309 The carbon atom lost in the aceto¬ 
phenone condensation has not been accounted for. Experiments indi¬ 
cate that no methane is evolved. Several substituted acetophenones 
have been used in these reactions. Triphenylpyrylium sulfate is formed 
from the diketonc C 0 H 5 COCU 2 CH(C 6 H 5 )CH 2 COC 6 II A when treated 
with sulfuric acid. 

Hydropyrans. There arc two possible dihydropyrans: A 2 -dihydro- 
pyran and A :t -dihyd ropy ran, with the unsaturation in the 2-3 and 3-4 
positions respectively. Examples of both types are known, but they 
arc not prepared by general syntheses. 

A‘-I)ihydropyran is manufactured commercially from tetrahydro- 
furfuryl alcohol. 310 An alumina catalyst at 350° is used to give yields 
of 85-90%. sn At 450° over an alumina-silica catalyst the reaction 

H a C-CH- 

I I 

H,C CHCHjOH 

\ / 

0 




products arc acrolein and ethylene. 313 

Dimers formed from a,/9-unsaturatcd carbonyl compounds, having 
no 0-substituent, are A 2 -dihydropyrans. Methyl vinyl ketone dimerizes 
on heating under pressure with hydroquinonc to 2-methyl-C-acetyl- 
A -dihydropyran «* The reaction involves 1,4-addition of one molecule 


2CH 3 COCH=CH, 



*“ Dovoy and Robinson. J. Chcm. Soc., 1389 (1935). 

* M Davis and Armstrong. J. Am. Chcm. Soc.. 67. 1583 (1935) 
1,0 Schnicpp and Gcller. ibid.. 68. 1046 (1946). 

*" Sawyer and Andrus. Org. SwntMan, 83. 25 (1943). 

” Wilson. J. Am. Chcm. Soc.. 69, 3004 (1947). 

*’* Aider. Offermanns. and KQdcn. Ber., 74. 905, 920 (1941). 


3 
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to the double bond of another. Acrolein forms a similar dimer, au but 
erotonaldehyde 3,5 forms 2,(>-dimethyl-3-formyl-A 3 -dihydropyran. 

CH 

/ \ 

CH? CCHO 

CH,CH=CHCHO — | | 

CHaCH CHCHa 

\ / 

O 

The tetrahyd ropy ran ring is formed by cyclization of 1,5-diols or 
1,5-dibromides. The pyranose ring of the carbohydrates belongs to 
this ring system. 

a-Pyrones. Several syntheses lead to extensively investigated a- 
pvrone individuals, and, in addition, there is a synthesis of general 
utility. 3 ® 4 Coumalic acid, a-pyrone-5-carboxylic acid, is formed from 
malic acid by the action of concentrated sulfuric acid. Malic acid is 
converted to malonaldehydic acid which condenses with itself.*'** 

H0 2 C 

H0 5 CCH s CHOHCO,H — |OHCCHjCO*H| — 

o 



Isodehydroacetic acid, 2,4-dimethyl-3-carbomcthoxy-a-pyrone, is formed 
from acetoacetic ester by concentrated sulfuric acid or dry hydrogen 
chloride. 31 * Benzoylacetic ester reacts similarly. 


CH, 

I 

HOC 

CHjOjCCH \ 

+ CH 

CHaCOH / 

CH,OCO 


CH 3 


CHjOjC 

CH 



O 


Glutaconic anhydride, formed in 47% yield by heating glutacomc 
acid with acetic anhydride, is 6-hydroxy-a-pyrone. 3 ' 7 


ho 2 cch=chch : co 2 h 


o 


«• Alder and RQden. Her.. 74. 920 (1941). 

Dclcpine and Horcau. Hull. toe. chi m. France. |5) 6, 339 (1938). 

Wiley and Smith. Ora. Synlheoet. 31. 23 (1951). . . . 

... Gov-., Ingold. and Thorpe. J. Chem. At- 123, 348 (1923,; W .Icy and South. J. Am. 

Chrm. Soc.. 73. 3531 (1951). 

a- Malachowski. Ber.. 62. 1325 (1929). 
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Aconitic acid and a-substituted glutaronic acids, H0 2 CCH=CHCH 2 - 
CII 2 —RC0 2 H, 31 * also undergo this reaction. 

A variety of active methylene compounds, including malonic ester, 
1,3-diketones, and cyanoacetic ester, react with a,^-acetylenic carbonyl 
compounds in the presence of sodium ethoxide to form a-py rones. 
Phenylpropiolic esters or ketones arc used. The reaction is a Michael 
condensation followed by cyclization. With malonic ester, 1,3-dikc- 
tones and acetylenic ketones give 3-carbcthoxy-4,6-dialkyl-a-pyrones. 3 ' 3 


R'ObCCOR + CH;(COtC:Hi); — 



Phenylpropiolaldehydc undergoes a Knocvenagcl condensation with 
malonic acid in the presence of piperidine to form 6-phenyl-a-pyrone- 
3-carboxylic acid. 320 3-Hydroxy-a-pyrone is prepared in 53% yield by 


C«H 6 O-.CCH0 + CHi(COtH)* -* 

IC.H 4 C«CCH=C(CO,H)*l 



heating mucic acid with potassium bisulfatc.” 1 

A dihydro-a-pyronc, parasorbic acid, of interest as a differential cell- 
growth regulator, is prepared from sorbic acid or from propylene 
oxide 333 as follows. 


CII,CH>=CHCH»CHCOjH 



Ur 

CH 

CH, x ch, 

CHjCHBr CO,H 



CHiCHCU, + N.CKCII 
O 


CI1,CHUHCH,C^CH 


RM«X 


tHd. Hj 
I - HjO 


CO, 


■> CH,CHUHCII,C=CCO,H 


Y-Pyrones are formed from /3-keto esters and from 1,3,5-tricarbonyl 
compounds. 0-Keto esters undergo self-condensation when refluxed 
with sodium bicarbonate to form “dehydro” esters. Ethyl acetoacetate 

*" Lldcrficld el al„ J. Org. Chrm.. 6. 566 (1941); 8, 37 (1943). 

*" Anker and Cook. J. Chem. Soc., 311 (1945). 

”° KalfT. Rec. trav. chim., 46. 594 (1927). 

“ Chavanne. Ann. ehim. el phjjt., (8) 3, 507 (1904). 

“ Kuhn and Jcrchel. Ber.. 76, 413 (1943). 

“ Hayne3 and Jones. Nature, 1B6, 730 (1945). 
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is converted in 80% yield to ethyl dehydroacetate,* 24 which is also formed 
from ketone in an industrial process.* 35 


CH 3 C(OH)=CHCO,C,H* + C- H 5 OCOC H ,COC H 3 


NaliCOi 
-> 


co,c,h 4 

/ 

C’H CHsCOCH, 

II I 

CHaC CO 

\ / 

0 


— C-HfcOII 
-> 


CO 

/ \ 

CH CHCOCHa 

II I 

CH,C CO 

\ / 

O 



Many varieties of l,3,5-tricarl>onyl compounds arc convertible to 
7 -pyrones. The general reaction is as follows. 


RCOCHjCOCHjCOR 



Acctonedicarboxylic acid (1< = OH) and ester (H = OC 2 H 5 ) form 
2,6-dihydroxy- and 2,6-diethoxy-r-pvrone. Acetoncdioxalic ester (It “ 
C0 2 C 2 H 5 ) is converted to chelidonic acid by hydrochloric acid,* " 

CO 

/ \ 

CH, CH, 

I I 

C,H*0,CC0 OCCO,C,Hs 



and to mcconic acid when treated with bromine and then with potassium 
hydroxide .* 27 


Bl Arndt. Org. St/nlhrsrs. 20. 26 (1940). , 

Steele Bocsc. and Dull. AM. USA Mlg Am. Chan. Soe.. Chicago, April. 194 . P- 
~ R-rjel'a^ilgmeycr. Or*. 6V*W, Co//. Vo/. 2. .20 (1943). 

»: Wibaut and Klcipool. Rcc. Irac. chim.. 66. 24 (194.). 
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O 

/ \ 

Clio Clio 

I I - 

C 2 H 5 OoCCO OCCOjCoHs 

o 

rV 

CjHsOoC—J-C0 5 CoHs 
0 



1,3,5-Trikctoncs (R = CII 3 , C 6 II 5 , etc.) react to form 2,6-disubsti- 
tuted- 7 -pyrones. The triketones are formed from the reaction of phos¬ 
gene with £-keto ester copper derivatives or from dehydro acids. In the 
latter reaction the dehydro acid, treated with acid, undergoes ring 
opening, decarboxylation, and ring closure without isolation of the 
triketone. 


CH 



COCHj _im> 
H 


O 


CO 

/ \ 

CH* CHCOCH# _ co , 

1 1 - 2 i 

CHjCO COjH 


CHjCOCHoCOCHjCOCHa 



Derivatives of the aldehyde (R * H) treated with acid cyclize to 
7-pyrone itself, but this compound is preferably formed in 89% yield 
by decarboxylation of chelidonic acid «* 2,G-Disubstituted-y-pyrones 
are also formed by the condensation of propiolic ester and methyl 
ketones (R = Colls, CH 3 ) under the influence of sodium ethoxide. 

C 6 H fc CsCC0 2 C 2 H s + C«H*COCH, -♦ 


(C«HsCsCCOCH ; COC«H 4 ) — 

m Cornul * rt an <t Robinet. Bull. soc. cfiim. France, [4] 53, 5G5 (1933). 
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Tetrahydro-y-pyrones arc prepared hv the condensation of acetone- 
diearboxylie ester with 2 moles of an aldehyde”* in the presence of 
hydrochloric acid. 


CO 

/ \ 

CsHft0 2 CC II 2 C H jCOjCsH s 

+ 

CeHjCHO OHCC.H* 


CO 

/ \ 

CjH»0 2 CCH CHC0 2 C 2 H 5 

I I 

C«H S CH CHC.Hs 

\ / 

O 


Reactions 

The ring stability, addition and substitution reactions, and structure 
of the pyrones and pyrylium salts are similar and will be discussed 
together. 

Ring Stability. Generally the pyrones and pyrylium salts are stable 
to acid but unstable to alkali. Alkaline reagents open the ring readily, 
and, in the presence of various reagents, derivatives of 1,5-diketones arc 
formed. Thus, diformylacetone, the primary product obtained by 
cleavage of y-pyrone itself, is isolated as the disodium salt when cold 
sodium hydroxide is used, as the monomethyl ether when potassium 
methoxide is used, or as the ditonzoyl derivative when alkali and 
benzoyl chloride are used. 

0 

NaOCH=CHCOCH—CHONa 
O 

K0Ct ii» ch 3 och=chcoch=chok 



NaOH 


C.IUCOCI 


-> C«H i OCOCH=CHCOCH=CHOCOC.Hi 


The 7 -pvrones are reforme«l by treating these derivatives with acid, 
as previously noted, and once formed are not cleaved by acids but are 
converted to salts. The opening of the dehydroacetic acid ring by acid 
is exceptional. The conversion of pyrones and pyrylium salts to pyri- 
dones'by ammonia or aminos - takes p.aoo thmugh 
anil rcclosure. The reaction With T-pyrone results m formation 

7 -pvridone. 

Atom." Ernst Bern. Ix>n<lon (1924). pp. I*#' 
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Similarly, coumalic acid is converted to 5-carboxy-2-pyridone, hy- 
droxynicotinic acid, and the pyroxonium salt (I) to a mcthoxypyri- 
dine 301 (II). Pyromcconic acid is, however, stable toward ammonia 



and is not cleaved. 

The pyrone ring system is sufficiently stable to permit pyrolytic decar¬ 
boxylation of various carboxylic acids.* 04 Chelidonic acid is decar- 
boxy luted in low yields to coumanic acid and in 89% yield to y-pyronc. m 
Mcconic acid is partially decarboxylated to comenic acid or completely 
to pyromcconic acid. 



Similarly, a-pyrone (coumalin) is formed on decarboxylation of 
coumalic acid. 


ao, "0-o -Ou 

o o 
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Many of the nun-systematic names in this series, as well as the sys¬ 
tematic ring name "pyran," were selected to show these pyrolytic re¬ 
lations. 

Addition Reactions. With a few exceptions the pyran ring types do 
not undergo addition reactions, a-Pyrones add maleic anhydride in 
typical Diels-Alder reactions.”' 7 -Pyrones usually undergo ring cleavage 
on chemical reduction but are converted by catalytic means to tetra- 
hydropvrones and pyranols in good yields. 7 -Pvrone gives a mixture 
of 23% of tetrahydropyrone and 50% of tetrahydropyranol over copper- 
chromium oxide , 413 and comanic acid is converted to the tctrahydro- 
pyranol in 10 % yield over palladium .” 1 


O 


() 


H OH 


OOO 


Substitution Reactions. Substitution rather than addition reactions 
take place on halogcnation of y-pyroncs. Bromination of 2 , 6 -dimethyl- 
7 -pyrone gives the 3-bromo- and 3,5-dibromopyrones. With excess 
bromine, using iodine as a catalyst, a perbromide is formed which de¬ 
composes in boiling water to give a 70% yield of dibromidc w and some 
monobromide. The bromine is firmly bound and unreadivc toward 
pyridine or silver nitrate. Kthyl coumalate, an a-pyrone, on bromination 
forms the 3-bromo derivative. The nitration of 2 , 4 , 6 -triphenylpyrylium 
chloride to a trinitrophenyl derivative demonstrates a resistance toward 
substitution akin to that observed with pyridine types. 

IIydroxy-subst ituted pyrones undergo subst itution react ions readily 1<M 



Diels, Alder, and Muller. Ann.. 490. 257 (1931). 

* Moziiigo and Adkins. 7. Am. CAen, **.. 60 . 009 (193S). 
» Altcnburrow tl at.. J . Chem. Soe.. 5 ,1 (1945). 

Collie and Klein, ibid.. 2102 (192.). 
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Coraenic acid and pyromeconic acid are halogenated, mercu rated 
nitrated, or condensed with formaldehyde “ 6 in the position next to the 
hydroxy group. Pyromeconic acid is converted in low yield to comcnic 
acid by the action of carbon dioxide on its sodium salt. 

Structure. The simple structure A for the y-pyrone ring shows an 
ether linkage, a carbon-carbon double bond, and a carbonyl group 
arranged as a vinylog of an ester. The failure to obtain kctonic de¬ 
rivatives is consistent with such a concept, but the failure of the double 
bond to undergo addition reactions and the formation of stable oxonium 
salts suggest further stabilization through resonance among structures 
such as B-G. 


o o- o- o- 0“ o- O 



M> <»> (O ID) (B) IP) ( G) 


The physical data substantiate such possibilities. The dipole moment 
of 2,6-dimcthyl-y-pyrone is 4.05 D, which is greater than that required 
for A (1.75 D) but less than that for E (22 D). Ultraviolet absorption 
data for dimethyl-y-pyrone in sulfuric acid and for 2,6-dimethyl- 
4-methoxypyronium perchlorate (//) are similar. Parachor data show 
that the form A contributes significantly. Evidence has been obtained 
to show that pyronium salts are structurally derived from resonance 
forms D and E. 2,6-Dimethyl-y-pyrone treated with dimethyl sulfato 
and then with perchloric acid is converted to 2,6-diraethyl-4-methoxypy- 



“ Kilos and Challenger, ibid., 603 (1940). 

m Mourner. Mcntxer. and Vinot. Helv. Chim. Ada, 29. 1291 (1946). 


828 


ORGANIC CHEMISTRY 


ronium perchlorate. The structure of this product is established by 
conversion with ammonium carbonate to 2,6-dimethyl-4-methoxy- 
pyridine, whose structure is known. The methoxypyronium salt is of 
unusual character, however, as recrystallization from ethanol suffices to 
convert it to the ethoxy derivative . 457 

The a-pyrones show the properties expected of an unsaturated lactone, 
a-Pyronium salts are not formed, and addition reactions, as with maleic 
anhydride, take place readily. These facts indicate that there is little 
or no resonance stabilization such as is present in 7 -pyrones. 


Benzopyrans 

The basic types of benzopyran compounds are chroman, or benzo- 
dihydropyran; benzopyran; coumarin, or benzo-a-pyrone; and chromone, 
or benzo- 7 -pyrone. The flavones arc 2-phenylchromones, and the 
anthocyanidins are flavylium chlorides variously substituted. Xanthone 
is dibenzo- 7 -pyrone. 



0 

Ch roman 

o 





Benzopyran 

(chromene) 


Coumarin 
(lie njo-opy rone) 


o 


Chromone 

(benio-vpyronp) 





o 

Flavylium chloride 

Syntheses. The coumarin syntheses are of two principal types ." 0 I" 
the Perkin type of syntheses with an o-hydroxyaldehydc, an o-hydroxy- 
cinnamic acid is formed and cyclized spontaneously. The yield of 

a CHO AcQ i^'V-CH=CHCO,Na 
OH N * 0Ac> OH 

coumarin itself by this process is about 40%. The Knoevenagel syn¬ 
thesis of cinnamic acids similarly results in coumarin formation when 
applied to o-hydroxybensaldehydes. In this condensation the aldehyae 
is Condensed with malonic acid in the presence of a trace of pyridine 
nearly theoretical yield. Other active methylene compounds such 

»» Anker and Cook. J. Chan. Soc.. 117 (1946). 
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diethyl malonate which gives 3-carbethoxycoumarin in 80% yield , 838 
ethyl acetoacetate, ethyl cyanoacetate, and phenylacetonitrile react 
similarly. The o-hydroxycinnamic acids, which are the key interme¬ 
diates in this type of synthesis, can be prepared in a Reformatsky type 
of synthesis from o-methoxyacetophenone . 839 

In the Pechmann type of coumarin synthesis 3,0 a phenol is condensed 
with a 0-keto ester by an acid reagent. Ethyl acetoacetate reacts with 
resorcinol to give 4-raethyl-7-hydroxycoumarin, and with hydroxy- 
hydroquinone triacetate to give 4-methylesculetin (-4), the latter in 
92% yield. 841 Other m-dihydroxyphenols, m-cresol, and a-naphthol can 
be condensed readily with sulfuric acid but not phenol, o-cresol, or 

CH, 

I 

CHsCO^-r^ll . H0 9 75% H|SO« 

CHjCOj——O jCCH, CH orP *°‘ * 

C,H,OCO 

resacetophenone. These do give coumarins, 4-methylcoumarin in 
30-40% yield, 1MU 4,8-dimethylcoumarin, and 5-hydroxy-6-acetyl-4- 
methylcoumarin, respectively, when aluminum chloride is used as the 
condensing agent . 840 - 841 Phosphorus pentoxide used as the condensing 
agent gives coumarins from those phenols that condense readily with 
sulfuric acid but gives chromones from those that do not .* 42 In this 




P«0* 



—CH, 


*“ Hornin * e* a/.. Org. Syndicate. 28, 24 (1948). 

”* Chalcravarti and Majurodar, J. Indian CKem. Soc.. 16, 136 (1938) 1C A 32 70?ft 
(1938,,; Indian CKem. Sac. 16. 389 (1939) [C. A.. 34, 2348 (1940, ) ‘ 

Me Sethna and Shah, CKem. Reve.. 36, 1 (1945). 

<1938,; “■ '• 93 < 1937 >- 
*“ GoodaU and Robertson, J. CKem. Soc.. 426 (1936). 
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reaction the /3-keto ester can be variously substituted or can be replaced 
by malic acid, which reacts as 0HCCH 2 C0 2 H, or by cyanoacetic ester. 
With the last, a 4-imino derivative, which is readily hydrolyzed to the 
4-hydroxycoumarin, is obtained. 

Ring Stability. The coumarin ring is cleaved by alkaline reagents, as 
would be expected of a lactone. Sodium hydroxide forms the sodium 
salt of the coumarinic (cis) acid which as the free acid is unstable and is 
spontaneously reconverted to coumarin. Prolonged boiling with alkali 
causes inversion to the stable trans or coumaric acid.* 43 

Substitution reactions take place with coumarins to give usually 6- or 
8 - or sometimes 3-monosubstituted and 6,8-disubstitutcd coumarins. 340 
Nitration 544 with mixed acid gives mostly G-nitro- and some 8-nitro- 
coumarin. Further nitration gives the 0,8-dinitro- from the 8-nitro-, 
and 3,6-dinitro- from the 6-nitrocoumarin. Benzoyl nitrate gives the 
G-nitrocoumarin in quantitative yield. Sulfonation produces the G- 
mono- and 3.6-disulfonic acids. Halogenation takes place first in the 
3-position. Thus, bromination of 4-methyIcoumarin gives 3-bromo- 
and 3,6-dibromo-4-mcthylcoumarin. Condensation of 4-hydroxycou- 
marins with formaldehyde and other aldehydes 303 takes place with 
formation of 3,3'-methylene 6/s-derivatives. The formaldehyde product, 
known as dicoumarol, has valuable anticoagulant properties. Ar- 


OH 



cn*o 



sonation and mcrcuration introduce substituents in the G-position. 

Addition reactions of the 3-1 double bond of coumarins are common. 
Reactants which add are butadiene 343 in a Diels-Alder type reaction, 
halogens, mercuric chloride, sodium bisulfite, and Grignard reagents. 
Reaction with the last can, however, take place in two ways. With an 
excess of alkylmagnesium halide, 2,2-dialkyl- 1,2-benzopyruns 346 arc 
formed in 59% yield where the alkyl is methyl; 91%, where heptyl. 



w UpdcgrnfF and Cassidy. J. Am. Chrm. Soc.. 71. 407 (1949). 

Clayton. J. Chcm. Soc.. 97, 1397 (1910). 

» Adams H of.. 7- ^ Chrm. Soc.. 65. 356 (1943, 

Shrincr and Sharp. Org. Chrm.. 4. 5,5 (1939). 
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Phenylmagnesium bromide forms 2,4-diphenylchromanol-2 in a reaction 
involving 1,4-addition " 7 as well as a little of the 2,2-diphenyl derivative. 



Structure. The pyrylium and flavylium chlorides are of particular 
interest, the latter being the basic structural unit of the pigments of 
many flowers.* 01 These compounds are salts for which carbonium (-4) 
and oxonium ( D ) structures have been assigned,* 41 but they are probably 
typical resonance hybrids in which each of these structures as well as 
others contribute. Carbonium structures appear to be the chief con¬ 
tributors to the resonance state. In vitro, these salts undergo changes 



Carbonium 


Oxonium 


in color at different pH in accordance with the following structural 
changes. Cyanin, where R is C a H,i0 5 , is the pigment of the blue corn¬ 
flower and of the rose. The color variation in plants, where the pH is 
0.8-7.1, is complicated and not solely a question of pH. 

OR 

I OH 

ho-U3^^-oh 

pH 3. red 



OR 



Lowonbein and Rosenbaum. Ann., 448, 223 (1926). 
Hill, Chem. Rnt., 19, 27 (1936). 
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PYRIDINES 


Compounds containing the pyridine nucleus are of importance as 
products formed on pyrolysis of coal, as alkaloids, as vitamins, and as 
pharmaceutical chemicals. Nicotine, the tobacco alkaloid, and ana- 
basine are pyridyl alkaloids. Ricinine, the poisonous alkaloid of the 
castor bean, contains a pyridone ring. Pyridoxine (vitamin B 6 ), nico¬ 
tinic acid (one of the vitamin B group), sulfapyridine, and pyribenzamine 
are all pyridine compounds. 

CH, 




Nicotine 


/ \ 

CH, CH, 

1 1 

OCH, 
1 , 

—CH CH, 


\ / 

i L( 

N 

H 

N 

1 


CH 3 

Anabasinc 

Ricinine 


kJ 

N 

Nicotinic acid 


CHiOH 



NHS0 2 CeH«NH 2 -/' 


Sulfapyridino 


a 

N 


N(CHaC*H$)CHjCHjN(CHj)s 


Pyri be iu amine 


Syntheses. The occurrence of pyridine and its homologs in coal tar 
has been recognised since the early nineteenth century. The coal-tar 
bases, which include quinoline types, are found to the extent of *3% 
the crude tar and are also present in the ammomacal liquor and un 
lashed coal gas. It has been estimated that the total amount of such 
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bases available is 0.16 lb. per ton of coal. The 1940 production was 
240,000 gallons .” 9 This amount is insufficient to support any large-scale 
industrial development, as is aptly illustrated by the fact that the pro¬ 
posed use of 2 -vinylpyridine as a synthetic rubber comonomer created 
a potential demand for more a-picoline than was available from coal 
tar . 350 This factor, as well as theoretical interest and the general desira¬ 
bility of suitable synthetic methods, has been responsible for the de¬ 
velopment of a variety of pyridine syntheses. The syntheses are con¬ 
veniently considered in three groups: (1) ring closure of 1,5-dicarbonyl 
compounds, (2) ring formation by condensations of 0 -iminocarbonyl 
compounds including the Hantzsch synthesis, and (3) syntheses from 
aldehydes and ammonia. 

Among the 1,5-dicarbonyl compounds known to cyclize to pyridines 
are glutaconic aldehyde, which is converted to pyridine itself ; 311 alkyl- 

OHCCH 2 CH=CHCHO ?=± HOHC=CHCH=CHCHO 

N 

substituted glutaconic acids which on heating as their ammonium salts 
are converted to 2 , 6 -dihydroxypyridincs; 3M and citramide, which is 
converted to citrazinic acid, 2, 6 -dihydroxypyridinc-4-carboxylic acid, 
by sulfuric acid. The conversion of pyrones (see p. 824) to pyridoneson 
heating with aqueous ammonia most probably involves opening of the 
pyran ring to a 1,5-dicarbonyl compound which is cyclized. Hydroxyl- 
amine has been used to convert a few saturated 1,5-diketones to pyri¬ 
dines , 313 and ammonia converts methinyl-his-acetylacetone or aceto- 

C«H*COCH(C«IU)CH(C«H$)CHjCOC*Hj 




Lowry, ••Chemistry of Coal Utilisation." John Wiley & Sons. Now York (1945). pp. 
1021, 1127. 

Frank et at., Ind. Eng. Chem., 40, 879 (1948). 

Baumgartner. Ber., 57, 1622 (1924). 

" Rogerson and Thorpe. J. Chrm. Soc.. 87, 1098 (1905). 

** Knoevcnagel. Ann., 281, 36. 56 (1894). 
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PYRIDINES 


Compounds containing the pyridine nucleus are of importance as 
products formed on pyrolysis of coal, as alkaloids, as vitamins, and as 
pharmaceutical chemicals. Nicotine, the tobacco alkaloid, and ana- 
basine are pyridyl alkaloids. Ricinine, the poisonous alkaloid of the 
castor bean, contains a pyridone ring. Pyridoxine (vitamin B 6 ), nico¬ 
tinic acid (one of the vitamin B group), sulfapyridine, and pyribenzamine 
are all pyridine compounds. 


OCH, 




Nicotine 


Anabasitie 



CHjOH 

^•j— CO,H HOCHr-j^jj—OH 
!>[ N 

Nicotinic acid Pyridozino 



N 


NHS()jC«H«NHj-/' 

Sulfapyridine 



N(CH 2 C»H $ )CH,CH,N(CHa) s 


N 


Pyribenzamine 


Syntheses. The occurrence of pyridine and its homologs in coal tar 
has been recognized since the early nineteenth century he coal-tar 
bases, which include quinoline types, are found to the extent of 2.3/c « 
the crude tar and are also present in the ammon.acal liquor and un¬ 
washed coal gas. It has been estimated that the total amount of such 
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bases available is 0.16 lb. per ton of coal. The 1940 production was 
240,000 gallons. 449 This amount is insufficient to support any large-scale 
industrial development, as is aptly illustrated by the fact that the pro¬ 
posed use of 2-vinylpyridine as a synthetic rubber comonomer created 
a potential demand for more a-picolinc than was available from coal 
tar. 3 * 0 This factor, as well as theoretical interest and the general desira¬ 
bility of suitable synthetic methods, has been responsible for the de¬ 
velopment of a variety of pyridine syntheses. The syntheses are con¬ 
veniently considered in three groups: (1) ring closure of 1,5-dicarbonyl 
compounds, (2) ring formation by condensations of 0 -iminoearbonyl 
compounds including the Hantzsch synthesis, and (3) syntheses from 
aldehydes and ammonia. 

Among the 1,5-dicarbonyl compounds known to cyclize to pyridines 
are glutaconic aldehyde, which is converted to pyridine itself;alkyl- 


()HCCHjCH=CHCHO ^ HOHO=CHCH=CHCHO 




substituted glutaconic acids which on heating as their ammonium salts 
are converted to 2,(vdihydroxypyridines;and citramide, which is 
converted to citrazinic acid, 2,6-dihydroxypyridine-4-carboxylic acid, 
by sulfuric acid. The conversion of pyrones (see p. 824) to pyridones on 
heating with aqueous ammonia most probably involves opening of the 
pyran ring to a 1,5-dicarbonyl compound which is cyclized. Hydroxyl- 
amine has been used to convert a few saturated 1,5-diketones to pyri¬ 
dines, ,u and ammonia converts methinyl-5»s-acetylacetonc or aceto- 


C.H*COCH(C.H»)CH(C.H*)CH,COC«H* 


NH«OH 
-» 



1021 ^127 Chemislry of Co&I John Wiley & Sons. Now York (1046), pp. 

s# Frank el al., Ind. Eng. Chem.. 40, 879 (1948). 

*’ Baumgartner, Ber., 67, 1622 (1924). 

“ Rogerson and Thorpe. J. Chem. Soc., 87, 1698 (1905). 

** Knoovenagel. i4nn., 281, 36. 56 (1894). 



ORGANIC CHEMISTRY 


834 


acetic ester to pyridines. Alkylidene-&i$-acetylacetone or acetoacetic 


CH 

/ S 

—COCH CCO— 

I I 

CH 3 CO OCCHj 


NH, —CO-j^V-CO- 

CH 3 —JLCHj 
N 


esters are converted to dihydropyridines, 3 ” but an intramolecular aldol 
condensation also takes place with formation of a cyclohexenone deriva¬ 
tive. 3 ” 

CHR H R 

/ \ 

—OCCH CHCO— 


CHjCO OCCH, 



/3-Iminocarbonyl compounds, which are tautomers of /3-amino a,0-un- 
saturated carbonyl compounds, condense with active methylene com¬ 
pounds to form the pyridine ring. Commonly used reactants are 
/3-aminocrotonic acid, which forms when an ether solution of acetoacetic 
ester is saturated with ammonia, and acetylacetoneimine, CII 3 C(NH)- 
CH 2 COCH 3 . The former condenses with acylpyruvic esters to form 
2,6-dialkyl-4,5-dicarbalkoxypyridine,*‘ s and with ethoxymethylene com- 

COCOjR 
ROjCCII | 

|| + CHj 

CHiCNHj 

COCII, 



pounds such as that derived from ethyl acetoacetatc 356 to form 2 , 6 - 
dimethyl-3,5-dicarbalkoxypyridines. 


ROCH 

ROaCCH 

|| + CCOjR 

CH,CNH; 

OCCH, 



Diethyl malonate is converted to 2,4-dihydroxy-6-methyl-3-carbethoxy- 
pyridine. 3 * 7 Cyanoacetamide condenses with diketonc derivatives t 


** Ral>c and Elze. Ann.. 323, 83 (1902). 

» Muinm and Bahmc. Ber.. 64, 726 (1921). 
»» Claison. Ber.. 26. 2729 (1S93). 

** Spiith and Roller. Ber.. 68. 2124 (1925). 
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yield pyridones used as starting materials in the synthesis of pyridox- 


ine. 3S7a 

CHjOCjHj 

I 

CO 

/ 

HC HsCCN 

i: + i 

CH 3 COH HjNCO 


CH,OC 2 H 6 

I 

c 

/ % 

HC CCN 

I! I 

CHjC CO 

\ / 

N 

H 


This type of condensation provides a plausible explanation for the 
Hantzsch pyridine synthesis from two moles of an active methylene 
compound, an aldehyde, and ammonia. As carried out with ethyl 
acetoacetate, 35 * the ester is first condensed with formaldehyde in the 
presence of diethylamine to form the ethyl alkylidcneacetoacetatc (A) 
or possibly ethyl alkylidene-6/s-acetoacetate (C). After drying, the 
mixture is dissolved in alcohol and saturated with ammonia. The am¬ 
monia reacts either with the unreacted ethyl acctoacetate to form 
ethyl 0-aminocrotonate (/i), which condenses with the ethyl alkyh 
ideneacetoacetate (A), or by direct ring closure of the ethyl alkylidcnc- 
bis-acctoacetatc (C), as a 1,5-dicarbonyl compound. On evaporation of 
the alcohol the product, l,4-dihydro-3,5-dicarbethoxy-2,6-dimethyl- 
pyridine (D), separates as crystals in 85% yield. 


ClljCOCH,CO.e»H» + CH,0 — |CH jCOC(— C1Ij>CO,C:H i) - 


Ml 


CH| 


Ciiuocodi N 
CH,io 


cnco»CiH, 
OCCHi 
(O 


CHjCOCHjCOjCjH, + NHj 


-> (CH|C(NH;)=CHCOtCiH,l 
(») 


i 


-> c* H »°»c-jr^S -co,c,n» 

chJL JLch, 

N 

B 

(0) 


The two postulated intermediates, A and B, have been isolated and 
observed to condense as indicated. The initial product, a dihydro- 
pyndine, is oxidized to the pyridine by nitrous, nitric, or chromic acid, 
or sulfur. 1 ” The synthesis usually gives excellent yields and can be 
varied by the use of such aldehydes as formaldehyde, acetaldehyde, or 

Harris and Folkers, J. Am. CKem. Soc.. 61, 1245 (1939) 

“• Singer and McElvain. Org. Sunlhats. CoU. Vol. 2, 214 (1943) 

Hinkel and Cromer. J. Chcm. Soc., 117, 139 (1920). 
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bcnzaldehyde and by the use of other active methylene compounds. 
The second mole of acetoacetic ester can he replaced by a mole of 
aldehyde, which in excess serves to oxidize the dihydro product and give 
25-30% yield of 2,4-dimethy 1-2-carbethoxypyridine directly. 


2CH a CHO + CH,COCH-CO,R + NH, 


CH, 


COjR 

k J-CH, 
N 


The synthesis of alkylated pyridines from aliphatic aldehydes and 
ammonia is accomplished in the liquid phase by heating the aldehyde 
at 180-250 3 with aqueous ammonia and an ammonium salt as cata¬ 
lyst 360 361 or in the vapor phase by passing the aldehyde and ammonia 
over an aluminum oxide catalyst at 300°. 362 Although mixtures of 
pyridines are obtained in both processes, the principal product varies. 
In the liquid phase paraldehyde is converted to aldehyde collidine, 
which is 2-methyl-5-ethylpyridine, in 50-80% yield; in the vapor phase 
significant amounts of a- and y-picoline are also formed. In the catalytic 
process propionaldehyde and butyraldehyde arc converted to 2-ethyl- 
3,5-dimethyl- and 2-propyl-3,5-diethylpyridine respectively. Ketones 
and unsaturated aldehydes also are used. The principal catalytic 
product from crotonaldehyde is 0-collidine, 3-ethyl-4-methylpyridine. 363 
Although the exact mechanism is not known, aldol condensations are 
probably involved. To account for the products both of the following 
combinations arc required. 2-Methyl-5-cthyIpyridine is also formed 

CHO 

\ 

CHjCHO CH, CH, 

CHO OHCCH, 

NH, 




Frank ,1 o 1-. J. An- Chan. Sc<„ 68, 136$ (1W6,; Off. ,S„nlW. 30. II (1050). 
j«i RcrtMrom. Chrm. Hett.. 35, 77 (1945). 
a«T8chiUchil»abin. Bull. ,oc. chxm. Fnt**. , J5|_ 4. 1826 (1937). 

1M Tschitechibabin and Oparina. Bcr.. 60. 18/7 (1927). 
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from ethyl vinyl ether and ammonia at 220° and 200 lb. pressure over 
a copper chloride catalyst.* 63 * 

Substitution Reactions. The pyridine nucleus undergoes a variety of 
substitutions by electrophilic, nucleophilic, and radical reagents. Be¬ 
cause of the polarization induced by the nitrogen atom which is similar 
to that in nitrobenzene, substitution by electrophilic reagents requires 



vigorous conditions and takes place in the 3-position. For similar 
reasons nucleophilic reagents substitute with comparative ease and 
usually in the 2- and 4-positions. Substitution by radical reagents, 
although not obviously predictable, also occurs preferably in the 2- and 
4-positions.* 64 Information on the substitution reactions of pyridine 
itself is quite complete, but that for substituted pyridines is rather 
fragmentary. Generally the presence of alkyl or amino groups in the 
ring facilitates substitution. 

The sulfonation of pyridine has received the careful attention of many 
investigators * ,M66> 167 since first reported.* 66 Pyridine-3-sulfonic acid 
is formed in 71% yield when pyridine, mercuric sulfate, and fuming 
sulfuric acid are heated 24 hours at 220-230°. Under similar conditions 
the picolines undergo a side reaction with tar formation so that maximum 
yields are obtained with decreased reaction time. a-Picoline is con¬ 
verted in 24 hours to 60% of 6-methylpyridine-3-sulfonic acid; /3-pico- 
line, in 16 hours to 23% of 5-methylpyridine-3-sulfonic acid; and y- 
picoline, in 8 hours to 40% of 4-methylpyridine-3-sulfonic acid. 2-Ami- 
nopyridine is sulfonated at a lower temperature than pyridine. The 
product, 2-aminopyridine-5-sulfonic acid, is formed in 70-80% yield 
using 20% oleum at 145°.* 69 

Halogens add to pyridines at low temperatures to form various per- 
halides which on heating are converted to nuclear substitqted hal- 

Roppe. "Acetylene Chemistry." R. B. Report 18862s. Charles A. Meyer and Co.. 
New York (1949), p. 36. 

Wheland. "Theory of Resonance." John Wiley * Sons. New York (1944). p. 260. 

*“ McElvain and Goese, J. Am. Chan. Soc.. 65, 2233 (1943). 

Machelc. MonaUh., 72. 77 (1938). 

MT Brit. pat. 602.882 (1948) [C. A., 43. 696 (1949)1. 

*“ Fischer. Bn., 16. 62 (1882). 

M » Teohitechibebin and Vialatout, BuU. soc. cAim. France, [6) 6, 736 (1939). 
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ides.* 70 - 371 Nuclear substitution takes place directly in the reaction 
between pyridine and halogens at high temperatures. Thus, pyridine 
reacts with chlorine or bromine in the vapor phase 372 to give 3-mono- 
and 3,5-dihalo compounds at 200-300° and 2-mono- and 2,6-dihalo com¬ 
pounds at 300-500°. Chlorine at 170-220° gives some 3-chloropyri- 
dine but mostly 3,5-di- and 3,4,5-trichloropyridine, and at 270°, 31% 
of 2-chloropyridine with some 2,6-dichloropyridine. Similarly pyridine 
and bromine at 300* form 3-bromopyridine in 33% yield, 44% con¬ 
version, while at 500° 2-bromopyridine is formed. The altered orien¬ 
tation at higher temperatures is possibly due to a change from electro¬ 
philic to radical-type substitution. Preparation of 3-bromopyridine 
is also achieved by heating pyridine hydrobromide perbromide to 100° 
while removing the product by distillation. In this way 37% of the 
3,5-dibromo- and 30-35% of 3-bromopyridine are isolated. Under 
similar conditions the pcriodide is converted to pentaiodopyridine but 
the picoline perbromides are polymerized. a-Picoline is, however, 
chlorinated as its hydrochloride to 2-trichloromethyl-3,4,5-trichloro- 
pyridine. /3-Picoline is brominated to the bromomethyl derivative. 373 
2-Aminopyridine is readily chlorinated or brominated at room tempera¬ 
ture. The products are the 2-amino-5-halo- and 2-amino-3,5-dihalopyri- 
dines. The dihalides are formed in 08 and 90% yields. 374 2-Amino- 
5-iodopyridinc is formed in 00-90% yields. 374 In most halogcnations 
extensive decomposition and tar formation interfere with the orderly 
course of the reaction. 

The nitration of pyridine requires most strenuous conditions. Addi¬ 
tion of a solution of potassium nitrate in nitric acid to a solution of 
pyridine in 100% sulfuric acid at 300° with an iron catalyst converts 
the pyridine to 3-nit ropy ridine in 22% yield. 370 At 370°, 377 2-nitro- 
pyridinc is also formed. Less stringent conditions are ineffectual. In 
the vapor phase nitrogen tetroxide diluted with carbon dioxide reacts 
with pyridine at 115° to form 7-10% of 3-nitropyridine. At higher 
temperatures this mixture explodes. Explosions also occur at room 
temperature with mixtures of pyridine and liquid nitrogen tetroxide. 3,8 

170 Me El vain and Goose. J. Am. Chem. Soc.. 65. 2227 (1943). 

»•* Maicr-Bode. Her.. 69. 1534 (1936). 

Wibaut el al.. Bee. Irar. chim .. 58. 709 (1939); 64. 55 (1945). 

«* Kuhn and Richter. J. Am. Chem. Soe.. 67. 1927 (1935). 

* T< Tschitschibobin and Kirssanow. Ber.. 61, 1236 (1928). 

MagSdson and Menscbikoff. Ber.. 58. 113 (1925):Shepherd and Fellow*. J. dm. Uiem. 
Soc.. 70. 157 (1948). 

iJt Kirpal and Reiter. Ber.. 58. 699 (1925). 

* :7 Hertog and Overhoff. Bee. (rat. chim.. 49. 552 (1930). 

’ 7 * Shorigin and Toptscliiew. Ber.. 69. 1874 (1936). 
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2- or 4-Nitropyridine is formed in 75% yield by the oxidation of 2- or 
4 -aminopyridine with hydrogen peroxide in fuming sulfuric acid. 379 
Aminopicolines react similarly. 379 

Some substituted pyridines are readily nitrated. Collidine is nitrated 
by several hours’ heating on a water bath with potassium nitrate in 
18% fuming sulfuric acid to 3-nitro-2,4,G-trimcthylpyridinc in nearly 
theoretical yield. 380 -” 1 2,6-Lutidine is similarly converted in 66% 
yield to 3-nitro-2,6-dimethylpyridine, but a-picolinc gives only traces 
of 5-nitro derivative. 2-Aminopyridine reacts with nitric-sulfuric acid 
at low temperatures to form a nitramine which rearranges at 40° princi¬ 
pally to 2-amino-5-nitropyridinc.”* If repeated, the product is 2-amino- 
3,5-dinitropyridine. 383 

f^i _ «; i 

l J-NH* ^ —NHNO* ^ >-NH 2 

N N N 


Alkylation of the pyridine nucleus, which has not been successful by 
Fricdel-Crafts type reactions, can be achieved by heating pyridine with 
alkyl halides or with alkyl or aryllithium compounds. 3 w - 388 Early 
reports 386 that alkylation takes place with organomagnosium halides 
have been discredited.” 7 Phcnyllithium reacts smoothly with pyridine 
in toluene at 110° to form 2-phcnylpyridine in 45% yield. 387- Butyl- 
lithium forms 2-butylpyridine which reacts again with butyllithium to 
form 2,6-dibutylpyridine. a-Picoline, however, is converted to a-picolyl- 
lithium. The organomctallic alkylation reactions arc generally believed 
to proceed through 1,2-addition of the organomctallic compound 
followed by loss of the metal hydride which separates from the reaction 
mixture. This reaction is similar to the amination of the pyridine 




a 


404 , (I C 9M) 1 “ nd B ° hm ’ BeT " 65 ‘ ^ (l932>; Wi, ° y BDd Hartman> J * Am • Chem • 5oc - 73 > 
m PlMck. Brr.. 72, 577 (1939). 

Von Rijn, Rec. trav. chim.. 45, 207 (1926). 
m Tschitschibabin and Kirasanow. Ber.. 60, 2433 (1927). 

“* Tschitschibabin. Ber., 68, 1707 (1925). 

*** Ziegler and Zeiser, Ann., 485, 174 (1931). 

** Ziegler and Zeiser, Ber., 63, 1847 (1930). 

**• Bergstrom and McAllister. J. Am. Chem. Soc., 62, 2845 (1930) 

" 7 Goett-Luthy. ibid., 71, 2254 (1949). 

“ 7 - Evans and Allen. Org. Svnihue*. CoU. Vol. 2, 517 £1943). 
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nucleus by sodium amide, which is believed to involve addition and 
loss of sodium hydride. The hydride reacts with the amino group to 
liberate hydrogen. 



Nall 


O- 

N 


NHNa + H, 


As nucleophilic substitutions these reactions arc successful under 
comparatively mild conditions. Amination is successful with a variety 
of pyridines. 3SS a-Picoline, however, at low temperatures forms a-pic- 
olylsodium, which is alkylated on the a-methyl group when treated with 
alkyl halides. At 200°, a-picoline is aminated to 2-methyl-4,6-diamino- 
pyridine. 

Other nucleophilic substitutions are the conversion of pyridine to 
2-hydro.\ypyridine by potassium hydroxide at 320° m and of 3-hydroxy- 
pyridine to 2,5-dihydroxy pyridine by sodium hydroxide at 290°. a#0 In 
the presence of carbon dioxide and alkali, 2-hydroxy pyridine is converted 
to 2-hydroxypyridine-5-carboxylic acid.**' 

As mentioned previously, radical substitution in the 2- and 4-position 
of the pyridine ring is favored but not exclusive. 3 * 39? Thus, addition 
of an aqueous solution of a diazonium salt to excess pyridine at 20-70° 
gives 20-80% of a mixture of arylpyridines. The diazonium salt is 
converted to the diazotate by the pyridine and decomposes, forming 
phenyl radicals. From 100 g. of the mixture of p-nitrophenylpyridines, 
obtained from p-nitrobenzenediazonium chloride and pyridine, there 
can be isolated 54, 20, and 10 g. respectively of 2-, 3-, and 4-p-nitro- 
phenylpyridines.** All three phenylpyridines are also formed in the 
reaction of benzoyl peroxide with pyridine. 3 * 4 

Addition reactions of the pyridine ring have already been encountered 
as intermediate steps in amination with sodium amide and alkylation 
with organolithium compounds. The tautomerism of quaternary pyn- 


Loftier. Otq. Reaction*. 1. 91 (1941). 

»•» Tschitschibabin. Utr.. 56, 1883 (1923). 

”*> KudcrnutM.li. Mntialgh.. 18. 613 (1897). 

»i Tuchitschibabin and Kirssanow, Brr., 67, 1101 (1924). 
in YVhclnnd. J. Am. Chrm. Soc.. 64. 900 (1942). 

Haworth el a/.. J. Chcm. Soc.. 349. 358 (1940). 

Hey. Arm. Rcpt*. on Ptoqt. Chcm. (Chrm Soc. London ), 


37, 283 (1940) 
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dinium hydroxides with the corresponding carbinols further illustrates 
the tendency of the pyridine ring to undergo this type of reaction. These 
hydroxides readily form O-ethers and oxidize to pyridones. The pyridine 







Oil 


nucleus also undergoes a diene-type addition with acctylencdiourboxylic 
ester, readily adds hydrogen, and condenses with itself in reactions which 
it is convenient to discuss with these addition reactions. In diene 
additions maleic anhydride fails to add to pyridine but the active di- 
enophilc acetylenedicarboxylic ester adds to pyridine and to a-picoline. 
The adduct is a quinolizine. m 



The pyridine nucleus readily adds hydrogen by either chemical or 
catalytic methods. Sodium and absolute ethanol reduce pyridines and 
alkylpyridines to piperidines in a reaction of preparative value.* 94 With 
this reagent tctrahydropyridines are also formed and isolable. 397 A 
dihydropyridine, identical with that formed in the Hantzsch synthesis, 
is produced in nearly quantitative yield by the action of aluminum 
amalgam in moist ether on 2,&-dimethyl-3,4-dicarbethoxypyridine. 398 
Sodium, and also lithium, reacts with pyridine to form tetrahydro- 
bipyridyls which are readily oxidized to bipyridyls. Polypyridyls are 
also formed directly on pyrolysis. Another bimolecular reaction is 
brought about by the action of zinc in acetic anhydride on pyridine. The 



’* Diels and Pistor. ilnn., 630 , 87 (1937). 

”• Marvel and Laiier. Org. CoU. Vol. 1. 99 (1941). 

**' Koenigs, Ber., 40 , 3199 (1907). 
m Mumm and Beth. Ber., 64 . 1692 (1921). 
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product, N,N'-diacetyltetrahydrobipyridyl, is further reduced by zinc 
and acetic acid to 4-ethylpyridine. 399 



<CH <CQ);Q 
Zn. 30* 


CHaCON 



/=\ 

CH—CH NCOCHa 


Heat 

-CiHiH 


CIIjCO 



HCOCIIj 


Zn 

CH,CO : H 


c 2 h 5 



Catalytic reduction of the pyridine nucleus proceeds generally at 
lower temperatures and pressures than does the reduction of the benzene 
ring. 400 Pyridine itself requires higher temperatures and pressures than 
substituted pyridines. Using Raney nickel, pyridine is converted to 
piperidine in 83% yield at 200°; 2,3-dicarbethoxypyridine, to 2,3-di- 
carbethoxypiperidine in 77% yield at 125°; and 2-benzylpyridine, to 
2-benzylpiperidine in 9ti% yield at 100°. A platinum catalyst is also 
effective. 

Ring Stability. The pyridine ring is stable to many oxidizing reagents. 
Of various reactions in which the pyridine ring remains intact while 
other portions of the molecule are oxidized, perhaps the most conspicu¬ 
ous is the oxidation of substituted pyridines to pyridinecarboxylic 
acids. 401 Examples arc given in Table X. The oxidation of quinoline 
has served as a commercial source of nicotinic acid. In such oxidations 
the pyridine ring does not always withstand attack, and yields of the 
pyridinecarboxylic acid may be low for this reason. Alkaline, or neu¬ 
tral, permanganate is known to oxidize phenyl pyridines to. benzoic 
acids while acid permanganate oxidizes these phenyl pyridines to pyri¬ 
dinecarboxylic acids. Pyridine itself is decomposed by either acid or 
alkaline permanganate, and ozone attacks the ring at carbon-carbon 
double bonds with resultant complete rupture of the ring. 

As noted previously many reducing agents add hydrogen to the 
pyridine ring without cleavage. Vigorous reducing agents, however, 


::: ^«—■ <->. 


P ‘“black. Depp, and Corson. J. Or,. CKrm.. 14. 14 (1949). 
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TABLE X 


Oxidation of Substituted Ptridines 




Conditions and 

Refer¬ 

Substance Oxidized 

Product 

Yield 

ence 

a-Picoline 

Picolinic acid 

Aqueous permanga¬ 

401, 


nate, 50% 

401a 

Nicotine 

Nicotinic acid 

Nitric acid, 90% 

4016 

Quinoline 

Quinolinic acid (pyridine- 

Hydrogen peroxide, 

401c 

2,3-dicarboxylic acid) 

sulfuric acid, copper 
sulfate, 65% 



8-Hydroxyquinoline 

Quinolinic acid 

Nitric acid, 85% 

401d 

Isoquinoline 

Cinchomeronic acid 

Alkaline permanga¬ 

401c 

(pyridine-3,4-dicar- 
boxylic acid) 

nate, 25% 



Quinine 

Cinchomeronic acid 

Nitric acid, 80% 

401/ 

2,3,4-Trimcthy lpyridine 

2,3,4-T ricarboxy pyridine 

Permanganate 

401(7 

2,6-Dimethyl-3,5-dicar- 

2,3,5,6-Tetracarboxy- 

Acid permanganate 

4016 

boxypyridine 

pyridine 




cause cleavage. 402 Hydriodic acid at 300° and hydrogen over nickel 
catalyst in the gas phase at 180-200° reduce pyridine to pentane, 
ammonia, or amylamine. Sodium and 95% alcohol produce ammonia 


CH 

CH 

CH 

/ S 

/ \ 

/ 

HC CH 

UC CH 

HC CH 


1! 1 

- II 1 

HC CHO 

HC CH 

HC CHOH 

\+/ 

\ / 

\ 

N 

N 

NH 

Ar X” 

Ar 

Ar 


CH 

> \ 


CH 


HC 

1 

CH 

Dilute HC 

CH 

II 

-HO* ArNH, + II 

Ha HCOH 

| 

HC 

.V 

CHOH 

CHO 


N 

Ar 


40U Singer and McElvain, Org. Synthe*t*. 20. 79 (1940). 

10,1 McElvain. ibid., CoU. Vol. 1. 386 (1941). 
wu Stix and Bulgatach. Ber., 66. 11 (1932). 

* 9li Sucharda. Ber., 68. 1727 (1925). 

** U Hoogowerff and Van Dorp, flee. trav. chim., 4. 284 (1885) 
m/ Kirpal. Monalth., 23, 248 (1902). 

40U Oparina, Ber., 64. 569 (1931). 

**'* Meyer and Tropsch. MonaUh., 36. 207 (1914). 

*°* Thate, Rec. trav. ehim., 60, 77 (1931). 
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and a glutaric aldehyde resin. Hydrogen alone at 500° and 100 atm. 
breaks the ring. 

Certain pyridine quaternary salts, notably those of 2,4-dinitrochloro- 
benzene, undergo cleavage on alkaline hydrolysis with formation of 
dinitroaniline and glutacondialdehyde 403 as shown (Ar = 2,4-dinitro- 
phenyl). Other salts cleaved by alkaline hydrolysis are the pyridinium 
salts formed with sulfur trioxide, cyanogen bromide, chlorosulfonic acid 
ethyl ester, and, although less extensively, the methiodide. 

Structure. The preceding discussion shows that the pyridines possess 
a considerable stability of the aromatic type. In accord with such 
observations, the calculations from heat of formation data show 43 kcnl. 
resonance energy, a value roughly equivalent to that for benzene, 39 
kcal. The enolic character of the 3-hydroxy pyridines is further evidence 
of the aromatic nature of the ring. The 2- and 4-hydroxy pyridines, 
however, do not resemble phenols, or pyridones either, in their reactions 
and therefore appear to be resonance hybrids of the pyridone and 
zwitterion structures. 

0 0 “ 



H H 


Ultraviolet absorption data indicate that 2- and 4-aminopyridincs have 
the amine structure 4W while 2-hydroxypyridine has a pyridone struc- 


ture. 4<Ma 

Reduced Rings. Piperidine, the completely reduced pyridine, is a 
ring type found in many alkaloids including hemlock, belladonna, coca, 
pomegranate bark, areca (betel) nut, lobelia, and quinine types. The 
simplest of these is coniine, of the hemlock group, which is 2 -propyl- 



‘0* Zincke and KrollpfeifTer. Ann.. 408 . -So <'015) 

«>• Anderson and Seoger. J. Am. ' (l94 ) * 

***■■ Specker and Gawroacb. Bcr.. 76. 1338 (194-). 
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piperidine. Others contain the tropine ring, or a modification thereof. 
The quinine alkaloids are derivatives of the quinuclidine ring. 

Synthesis of piperidines by chemical and catalytic reduction has been 
discussed. Ring closure of 1,5-dihalides, 5-haloamylamincs, 1,5-di- 
amines, and 5-bromo ketones are all successful and lead directly or by 
subsequent further reduction to piperidines. The Beckmann rearrange¬ 
ment applied to cj'clopentanone oxime gives o-piperidone, and the 
Dieckmann reaction with iminodipropionic ester gives a 7 -piperidonc. 
Phorone is cyclized by ammonia to triacetoneamine, a 7 -piperidonc. 

CO 

/ \ 

HiC ’ CH, 

I I 

(CHa)jC C(CH,): 

\ / 

N 
H 

Of numerous methods available for synthesis of bicylic piperidines, 
that developed by Robinson 405 is of particular interest because of the 
excellent yields obtained and its biogenic significance. 405- Succinalde- 
hyde, methylamine hydrochloride, and acetonedicarboxylic acid in a 
buffered solution, pH 7.0, at 20° gives 78% of tropinonc . 4055 The basic 
nucleus of many alkaloids is thus formed from compounds likely to bo 

H,CCO,H CH,-CH-CH, 

CH,CHO | 

4- CH a NH, + OC -> NCHj CO 

CH,CHO | | | 

H,CCOalI CH,-CH-CH, 

present and under conditions closely approximating those found in the 
plant cell. 

In most of its reactions piperidine behaves as a typical aliphatic 
secondary amine. It is commonly used as a basic catalyst for condensa¬ 
tion reactions. The ring is dehydrogenated and thus converted to 
pyridine by sulfuric acid, nitrobenzene, silver acetate, or over manga¬ 
nous oxide at 600° and is completely decomposed in the cold by potas¬ 
sium permanganate. 

404 Blount and Robinaon. J. CUm. Soe., 1429 (1932); 1511 (1933). 

404a Schopff and Lohmann, Ann., 618, 1 (1935). 

Robinson. J. Chem. Soc., Ill, 762 (1917). 
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QUINOLINES 

The quinoline nucleus is found in the antimalarial quina alkaloids, 
cinchonine and quinine. Both of these are derivatives of 4-(8-quinucli- 
(linomethyl)quinoline. Quinine is a 6'-methoxy-3-vinyl derivative, and 
cinchonine is a 3-vinyl derivative. In 1842 Gerhardt discovered both 



quinoline and 6-methoxyquinolinc among the decomposition products 
obtained on heating these alkaloids with potassium hydroxide. As a 
part of studies on the proof of structure and synthesis of quinine and the 
search for new antimalarials, most of which are quinoline derivatives, 
the chemistry of quinoline has been extensively investigated. These 
studies received added momentum with recognition of the tremendous 
significance of malaria as a military problem during W orld War II. 
The search for new and improved antimalarials was one of the most 
actively investigated wartime research projects. 40 ' Quinoline-type anti¬ 
malarials of outstanding.utility arc pamaquine, 4060 quinacrinc, 407 penta- 
quinc,* 01 and chloroquinc. 400 - 40 * 0 Much of the malarial research program 


CH 3 0 



i\HCII(CH j )CU 2 CH 3 CH 2 N(C 2 Hs) 2 

Pamaquine 

(Plaamochin) 


«• Wiselogle. "Survey of Antimalarial Drugs 1941-1945. 

Eldwfield el at.. J. Am. Chcm. Soc.. 70. 40 (194S); 68. 1510 (1946) 
MT Shorndnl. Chcm. Eng. Neve. 21. 11M (1943). 

401 Drake ft at.. J. Am. Chcm. Soc.. 68. 1529. 1530 (1940). 

«o» Kenyon. Wiener, and Kwartlcr. Ind. Eng. Chcm.. 41. 054 (1949). 
See pp. 4G0fT. in Vol. Ill of this Treatise. 


Edwards Brothcra, Ann Arbor. 
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HNCH(CH 3 )CH 2 CH 2 CH 2 N(C 2 H 6 ) 2 



(Alabnoe) 


CH 3 0 



NHCH 2 CH 2 CH 2 CH 2 CH 2 NHCH(CH a ) 2 

Prntaquine 


NHCH(CII 2 )CH 2 CH 2 CH 2 N T (C 2 Hs) 2 



(Aralcn) 


was directed to the preparation of various similar quinolines derived 
from 8 -aminoquinolines and from 4-aminoquinolincs . 410 Atabrinc was 
produced at the rate of 600,000 lb. a year in 1943. 407 Chloroquine was 
also produced commercially in large amounts . 40 *- 40,0 8 -Hydroxyquino- 
line is a useful pharmaceutical and analytical reagent. 

Syntheses. Most syntheses of the quinoline nucleus require an aniline 
derivative as an immediate precursor. There are a few other synthetic 
types such as the ring enlargement of indoles by reaction with chloro¬ 
form and an alkoxide or by pyrolysis of alkylindoles, the preparation 
of hexahydrotypes from cyclohexanone in the various pyridine syntheses, 
and the rearrangement of N-acetylisatin. 4U The syntheses from aniline 
derivatives are conveniently classified according to which of four possible 
bonds is formed in cyclization: (1) 4-4a, (2) 3-4, (3) 1-2, and (4) 2-3. 



Numerous papers reporting this research are to be found in the following references: 
J.A m . Chem. See.. 68. 1516-1608; 1204-12SS; 2686-2723 (1946). The following reviews 
« (1948) EWerfieW * CW ***• lWew ' U ' 2598 < 1W6 >: Rcitsema. Chan . Her... 43. 
Jacobs el alQrg. S V nUiae*. 28, 70 (1948) 
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Of these only the first three will be discussed, as the last is relatively 
insignificant. Of these three, the characteristic reactions arc: (1) the 
Skraup and Conrad-Limpach types (4-4 a closure); (2) the Friedlander 
and Pfitzinger reactions (3-4 closure); and (3) the carbostyril syntheses 
from o-aminocinnamic acid and related types (1-2 closure). The ring 
closure step in each is as follows. 




Carboatyril synthesis 

( 1-2 closure) 


ch=chco 2 ii 




The Skraup reaction, in which the quinoline ring is formed by closure 
at the 4-4a linkage, has been thoroughly investigated. Many varia¬ 
tions in reaction conditions and reactants are possible. In the simple 
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statement of the reaction given in the formulas above, aniline adds 
1-4 to acrolein to form 0 -anilinopropionaldehyde. This intermediate is 
cyclized and oxidized to quinoline under the conditions used. The 1-4 
addition is established by the observation that crotonaldehyde reacts 
with aniline to form quinaldine ( 2 -methylquinoline). 



Acrolein itself can be used in the condensation , 4,1 but glycerol is com¬ 
monly employed as a reactant which is converted to acrolein. 41 * Arsenic 
acid is used as the oxidizing agent and 85% phosphoric acid as the con¬ 
densing agent to give a 60% yield of 6 -methoxy- 8 -nitroquinoline from 
acrolein. A wide variety of oxidizing agents has been used. Nitro- 
benzenoid compounds can function as the oxidizing agent and arc 
conveniently used when the reduction product of the nitro compound 
is the required aniline. Nitrobenzene itself is employed in aniline reac¬ 
tions, and nitrobenzenesulfonic acid is used when the nitro compound 
corresponding to the aniline is not readily available. Arsenic acid and 
arsenic pentoxide are commonly used oxidizing agents. In the proce¬ 
dure originally described by Skraup 4 ‘* - nitrobenzene is used as the 
oxidizing agent under conditions which led often to extremely violent 
reactions. Many methods have been devised for controlling the reac¬ 
tion. Among them are the addition of ferrous sulfate or boric acid to 
the reaction mixture. The procedure using ferrous sulfate has been 
developed to give 84-91% of quinoline itself. 41 * Careful temperature 
control during the reaction appears essential, and this alone is sufficient 
with many compounds including 6 -methoxy- 8 -nitroquinoline, 4Uk which 

*“ Yale and Bernstein, J. Am. Chan. Soc.. 70, 254 (1948). 

411 Clarke and Davis. Org. Syntheses. CoU. Vol. 1, 478 (1941). 

4U * Skraup, MonaLsh., 1 , 139 (1881). 

4U * Mosher et al., Org. Syntheses, 27, 48 (1947). 
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is obtainable in 65-70% yield in such operations. Addition of the reac¬ 
tants at reaction temperature so that they are immediately converted 
to the desired quinoline is a preferred procedure which is successful in 
manufacture. Sulfuric acid has been used as the reaction medium. 41 *' 
Control is achieved also by substituting the acetyl derivative for the 
aniline itself. 413 * A variation in the usual experimental procedure has 
been developed for synthesis of quinolines not obtained by customary 
techniques. This is the “90-second” reaction in which the reactants 
are mixed hot and after 90 seconds are poured onto ice. 5,6-Dimethoxy- 
8 -nitroquinoline is formed in 40% yield by this technique from 4-acet- 
amino-5-nitroveratrole and glycerol in the presence of sulfuric acid and 
arsenic pentoxidc. 414 Usual procedures give no quinoline from this 
aniline. 

In the Doebner-Millcr reaction two moles of an aldehyde replace the 
glycerol in the Skraup reaction and the product is, from acetaldehyde, 
quinaldine. Many aldehydes and mixtures of aldehydes react success¬ 
fully. One mole of aldehyde and one of ketone (as developed by Reed 
and by Beyer) or two moles of a ketone (as developed by Riehms el al.) 
may also be used successfully. In the former, acetaldehyde and acetone 
and in the latter, acetone 4,44 form 2,4-dimcthylquinoline. Aldol con¬ 
densations to cthylideneacetone and mesityl oxide presumably provide 
the necessary reactants. 
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CH, 

I 

OC 

V ,: 

^ /CtCII,*, 

N 

II 



Hi 


*»« Lutz el al.. J. Am. Chem. Soe.. 68. U24 (194G). 

Kaslow and Raymond, ibid.. 68. 1102 (1946). 
1,4 Klderfield tl al.. ibid.. 68. 15S4 (1946). 

4 «‘" Vaughan. Urg. Syntheses. 28, 49 (1948). 
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An aldehyde and pyruvic acid or ester react in the so-called Docbncr 
pyruvic acid synthesis to form a 2-substituted cinchonm.c acid. 

COjH 

I 

oc 

\ 

CH 

II 

CHR 

These reactions are capable of wide variation in the aromatic amine 
portion. The failure to react is the exception. In unsymmetrical and 
condensed-ring types the cyclization may proceed to either ortho posi¬ 
tion and form either or both of two isomers. The presence of a m-direct- 
ing group in the ^-position to the amino group directs the ring closure 
to the vicinal position (between the two), and in condensed systems such 
as 0 -naphthylamine ring closure is directed by "bond fixation” to the 
a-position. The products from a-naphthylamine, 0-naphthylamine, o-, 
m-, and p-phenylcnediaminc are respectively 7,8-benzoquinoline or 
benzo-A-quinoline, 5,6-benzoquinoline or bcnzo-/-quinoline, o(or 1,10)-, 
m(or 1,7)-, and p(or 4,7)-phenanthroline. 



Bcnio-A-ouinohne Ben*o-/-<juincline ®-Ph*nanthr©Hne m-Phcnanlhroline p-Phenanthrolinc 


Another type of ring closure at the 4-4a positions is the formation of 
carbostyrils (2-hydroxyquinolines) and 4-hydroxyquinolines from /9-keto 
esters and 2,4-dialkylquinolines from 0-diketones and aniline. Ethyl 
acetoacetate reacts with aniline at 125° to form ethyl 0-phenylamino 
crotonate 4,6 and at the boiling point to form acetoacetanilide, which is 
also available from diketene. The cyclization of the anilide, often 
called the Knorr reaction, is accomplished by heating with sulfuric acid 
to give an 86-91% yield of 4-raethylcarbostyril. 414 Diethyl malonate 
anilides give 2-hydroxy-4-alkoxyquinolines. 417 Cyclization of the cro- 
tonic acid type, known as the Conrad-Limpach reaction, leads to a 4-hy- 
droxyquinoline and was originally accomplished by heating without sol¬ 
vent. Limpach observed that improved yields were obtained if the 

m Coffey, Thomson, and Wilson. J. Chan. Soc.. 856 (1936). 

4I * Lauor and Kaslow, Org. Sj/niheaea. 24 , 68 (1944). 

iX1 Meyer and Hcimann, Corny *. rend., 204 , 1204 (1937). 
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crotonate were heated in mineral oil. By boiling in diphenyl ether, or in 
its biphenyl eutectic, yields as high as 80-95% are possible. 418 



The following 0 -keto compounds have been used successfully: ethyl for- 
mylacetate, which gives 44% of 4-hydroxyc|uinoline; ethyl oxulacetnte, 
which gives the 2-carl >ethoxy-4-hydro.\yquinoline in 01% yield; 419 
ethyl ethoxymethylenemalonate, which gives a 3-carbethoxy-4-hydroxy- 
quinoline; «*«».«■« and acetylacetone, which gives 2,4-dimethylquino- 
line. 424 Many substituted anilines have been used. 4 " 

Syntheses which are conveniently classified as closures of the 3-4 
bond, but which may proceed by 1,2- or 3,4-closure, start with com¬ 
pounds in which an acyl group is ortho to the amino group in the aro¬ 
matic ring. The generalized reaction is shown. This is not the only 

R 

CO H 2 CR' 

+ | 

NHt OCR" 




synthesis of this type, however, as o-toluidine and glyoxal heated with 
alkali yield 35% of quinoline, and o-acetamino!>enzaldehyde boiled with 



alkali yields 80% of carbostyril. The synthesis from o-aminobonzalde- 
hyde (R = H) and aldehydes, the Fried lander synthesis, is of general 


4.1 Price Cl at.. J. Am. CKcm.Soc.. 68. 1204. 1251-1259 (1940,; Reynold* and Hauser. Org. 
Syntheses. 29, 70 (1949). 

4i» Riegcl tl at.. J. Am. Chcm. Soc., 68, 2085 (194G). 

**° Gould and Jacobs, ibid.. 61, 2890 (1939). 

Kicgel et at., ibid.. 68. 1204 (1940). 

• B Tarbcll. ibid.. 68. 1277 (1946,. 

Price and Roberts. Org. Syntheses. 28. is (194S). 

Combes. Compt. rend.. 106. 142 (18S8). 
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applicability, and the yields are often excellent. o-Aminoacetophenone 
(R = CH 3 ) and o-aminobenzophenone (R = C 0 H 5 ) are also used, but the 
former may undergo self-condensation. The aminoaldehyde is replaced 
by isatin which reacts as isatic acid (R = C0 2 H) in the Pfitzinger 
reaction or by anthranilic acid (R = OH) in the Niementowski modifica¬ 
tion. The last reaction is of limited utility because the Doebner-Miller 
reaction, with ring closure to an 8-carboxyquinoline, takes precedence 
with aliphatic aldehydes. 

Ring closures of the 1-2 bond arc typified by the conversion of o-amino- 
cinnamic acid to carbostyril. The cyclizaUon takes place on reduction 


TABLE XI 


Ql’INOl.lXK* FROM O-AUINO COMPOUNDS 


Side Chain 

Ortho 

Substituent 

Conditions 

Substituents in 
Quinoline Formed 

Refer¬ 

ence 

-CH-CHCOjH 

NO, 

Reduce 

2-Hydroxy 

425a 

—CH—CHCOjH 

NH, 

Heat 

2-Hydroxy 

4256 

—CH-CHCO,H 

Cl 

Ammonia 

2-Hydroxy 

425c 

-CH=CHCN 

NH, 

Alkali 

2-Amino 

425d 

—CH-=CHCHO 

NHCOC*H $ 

Aqueous acid 

None 

425c 

—CH—CHCOCH, 

NO, 

Reduce 

2-Methyl 

425/ 

—CH—CHCOCO,H 

NO, 

Reduce 

4-Hydroxy-2-carboxy 

425 g 

-C-CCOjH 

NH, 

Sulfuric acid 

2,4-Dihydroxy 

425 h 

-o=cco,n 

NH, 

Hydrochloric 

4-Chloro-2-hydroxy 

425 h 

-coch,coc«h 6 

NO, 

acid 

Reduce 

2-Phenyl-4-hydroxy • 

425 i 

-COCH,CO,H 

NH, 

— 

2,4-Dihydroxy 

425/ 

—COCH(CO,R), 

NO, 

Reduce 

2,4-Dihydroxy 

425A: 

—CHOHCHjCOCHj 

NO, 

Reduce 

N-Oxide-2-mcthyl 

4251 


of o-nitrocinnaraic acid or various other o-nitro compounds where the 
side chains and products formed are as listed in Table XI. Groups 
other than nitro can be converted to amino and cyclized as noted. 

*» Dowell, McCullough, and Calaway. J. Am. Chan. Soe., 70. 226 (1048). 

4 *« Friedliindor and Oatermaicr, Ba.. 14. 1916 (1881). 

°*» Stoormcr and Heymann. Ba.. 46 . 3099 (1912). 

*« Meyer and Beer, MonaUh.. 34. 1173 (1913). 
mi Pechorr. Ba.. 31, 1289 (1898). 

**' Reissert, Ba., 38. 3415 (1905). 
mt Drewson, Ba.. 16, 1953 (1883). 

“« Heller, Ba.. 43. 1923 (1910). 

Baeyer and Bloem. Ba.. 16. 2147 (1882). 

Gabriel and Gerhard. Ba.. 64 , 1613 (1921). 

Erdmann. Ba.. S3. 3570 (1899). 
mk Biachoff, Ann.. 261 , 376 (1889). 

0,1 Meiaenheimer and Stota, Ba., 68, 2334 (1925). 
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Substitution Reactions. Decreased activity of the pyridine ring 
toward electrophilic substitution results iu nitration and sulfonation in 
the benzene ring of quinoline. At 220° concentrated sulfuric acid intro¬ 
duces a sulfo group at the 8-position. At 300°, 8-sulfoquinoline is rear¬ 
ranged to 6-sulfoquinoline, which is also formed from quinoline and con¬ 
centrated sulfuric acid at 300 ; . Fuming sulfuric acid at 130° pro¬ 
duces a mixture of 5-, 7-, and 8-sulfoquinolines. Of these the 8-acid is 
least soluble and can be obtained pure. 41 * Sulfonation of 6-methylquino- 
line gives both 5- and 8-sulfonic acids. Quinoline-2-sulfonic acid is ob¬ 
tained by treating 2-chloroquinoline with sodium sulfite. 

Nitration of quinoline with nitric acid in sulfuric acid leads to a 
mixture of the 5- and 8-mononitro and 5,7- and 6,8-dinitroquinolines. 
4-Chloroquinoline is nitrated to a mixture of the 5- and 8-nitro com¬ 
pounds. 427 In acetic anhydride 7-nitroquinolinc is the only product, 
and with nitrogen dioxide in the gas phase the products arc 7-nitro- or 
5,7-dinitroquinolines at 100° and 100° respectively. In sulfuric acid, 
quinaldine forms the 5- and 8-nitro derivatives. Lcpidine and 4-, 5-, 
and 7-chloroquinoline form the 8-nitro derivatives. Often the nitro- 
quinolines are conveniently prepared by the Skraup reaction from 
nitroanilines. O-Mcthoxy-8-nitroquinoline, an important intermediate 
in the preparation of antimalarials, is prepared in 65-76% yield from 
2-nitro-4-methoxyaniline. 42# Other nitromethoxyquinolincs are pre¬ 
pared by direct nitration. 42 * 

Halogenation, contrary to predictions based on decreased susceptibil¬ 
ity of the pyridine ring to undergo substitution, introduces substituents 
in the pyridine ring. In the va|)or phase at 300° 3-bromoquinoline is 
produced in 25% yield and at 450° 2-bromoquinoline in 24-53% yield. 
Decomposition of the perbromide of quinoline hydrochloride gives 62% 
yield of 3-bromoquinoline. Quinaldine is brominated to the tribromo- 
methylquinoline. 2- and 4-Haloquinolines are often conveniently pre¬ 
pared from 2- and 4-hydroxyquinolines; for instance, 2-chlorolepidinc 
is prepared in 89-92% yield from 4-methyl-2-carbostyril (2-hydroxy- 
lepidine) by phosphorus oxychloride at 85°,and 4 -chloroquinolinc in 
91% yield from phosphorus oxychloride and 4-hydroxy quinoline. 427 

The presence of hydroxyl or amino groups in cither ring facilitates 
substitution. This is illustrated by substitution in the benzene ring in 
the sulfonation 431 and Friedel-Crafts acylation 431 of 8-hydroxyquinolme 


McCa.nl and, J. Org. Chan.. 11, 277 (1940). 

Goulcy, Moersch. and Mosher. J. Am. Chem. Soe.. 69, 303 (194.). 
m Mosher cl al.. Org. Syntheses. 27. 48 (1947). 

Gilman and Fullhort. J. Am. Chem. Soe.. 68. 978 (1940). 
oo Kaslow and Laucr. Or*. Syntheses. 24. 28 (1944). 

- Matsumura, 7. Am. CW Soc. 49. 813 (1927); 62. 4433 (1930). 
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and in the sulfonation of 5-, 6-, 7-, and 8-aminoquinolines. 4 " 4-Hy¬ 
droxy quinoline is readily substituted in the 3-position on formylation 
by the Reimer-Tiemann reaction; 413 bromination; 434 aminomcthylation 
by the Mannich reaction; 435 and the Claisen rearrangement of 4-allyl- 
oxy to 3-allyl derivatives Nitration of 4-hydroxyquinoline produces 
a 6-nitro compound.* 3 * - 

The nucleophilic substitution reactions arc much like those observed 
with pyridine. Better than 80% of carbostyril is obtained from quino¬ 
line and dry potassium or barium hydroxide at 225°. 2-Aminoquinoline 
is obtained from quinoline in 25% yield with sodium amide or 80% 
yield with barium amide in ammonia at room temperature. Potassium 
amide with 2-phenylquinolinc in liquid ammonia gives 90% of 2-phenyl- 
4-aminoquinoline. 

Also as with pyridine, alkyllithium compounds add 1-2 to form dihy¬ 
dro derivatives convertible in good yields to 2-alkylquinolincs. 2-Butyl- 
1,2-dihydroquinoline, isolated in 90% yield, on heating decomposes to 
2-butylquinoline in 50-60% yield. In ether at —35° butyllithium reacts 
to form 2-butylquinoline directly and in 93.5% yield. 437 The organo- 
magnesium compounds arc reported to react similarly. 41 * 2- and 4- 
Cyanoquinolincs are also formed from initial addition products on 
decomposition. Thus, in the Rcissert reaction, benzoyl chloride and 
potassium cyanide react to give nearly quantitative yields of 1-bcnzoyl- 
2 -cyano-l,2-dihydroquinoline, which when treated with phosphorus 
pentachloridc in chloroform is converted in 55-70% yield to 2-cyano- 
quinoline. 439 



The quinoline alkiodides react in aqueous potassium cyanide to form 
1,4-dihydro derivatives which are oxidized by iodine to 4-cyanoquin- 
oline. 440 


“ Cybulski <* at., Rocxniki Chem., 14. 1172 (1934) [C. A.. 29. C235 (1935)]. 

* u Ro bran ski. Ber., 69. 1113 (1936). 

04 llicgel ft at., J. Am. Chem. Soe.. 68. 1229 (1946). 

** Pnco and Jackson, ibid.. 68. 1282 (1946). 

»:*sar * nd Tnko ' us ' jm Pnx r °“' &c ' n ' s Wau '- “• 300 " 332) ,c - a - 

Adams and Hey. J. Chem. Soe., 255 (1949). 
m Gilman and Spat*. J. Am. Chem. Soc., 63. 1554 (1941). 

Bergstrom and McAllister, ibid., 62, 2845 (1930). 
u ' Kaufmann and Dfindliker. Ber., 46. 2926 (1913). 

M0 Kaufmann, Ber., 81 , 117 (1918). 
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H CN 



/ \ \ 

I CH, CH 3 

Addition reactions of quinoline types, other than those just mentioned, 
include addition of hydrogen, Diels-Alder diene addition, and self¬ 
addition. As with pyridine apparently the only known diene addition 
is with diethyl acetylenedicarboxylate. Addition of hydrogen with chem¬ 
ical reducing agents—tin and hydrochloric acid or sodium and alcohol— 
forms tetrahydroquinoline by addition of hydrogen to the pyridine ring. 
In the sodium reduction there is also formed a polymer, presumably by 
polymerization of the dihydro compound, and attempts to prepare dihy¬ 
dro derivatives have given polymers. However, 1,4-dihydroquinolinc 
was isolated as its benzoyl derivative from a sodium-liquid ammonia 
reduction of quinoline. 44 * Tetrahydroquinoline is produced in 95% 
yield by catalytic reduction over Raney nickel at 200°. With the intro¬ 
duction of alkyl substituents in the pyridine ring, the benzene ring is 
also reduced to form mixtures of 1,2,3,4- and 5,6,7,8-tetrahydro deriva¬ 
tives. 2,3,4-Trimethylquinoline is converted to the 5,6,7,8-tetrahydro 
derivative in 98% yield. 441 

The action of sodium on quinoline produces a 30—40% yield of 2,3'- 
diquinolyl. Another condensation of two quinoline rings occurs when 




quinoline ethiodide is refluxed with potassium hydroxide in methanol. 
The products are apocyanines, first members of a series of important 
cyanine-type dyes. Both the 3-2' and 3-4' condensation products arc 



«« Knowles and Watt. J. Am. Chem. Soc.. 65. 410 (1943). 
m* Braun. Grnelin. and I’ctzold. Ber., 67, 3S2 (1924). 
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Ring Stability. 442 * In oxidation reactions either the benzene or 
pyridine ring may be opened with resultant formation of a quinolinic 
or anthranilic acid. The course of the reaction is determined by the 



reagent used and the substituents present. Hydrogen peroxide in 
sulfuric acid oxidizes quinoline to quinolinic acid in 05% yield. Chromic 
acid, which may also be used to oxidize quinoline to quinolinic acid, is 
the preferred reagent for the oxidation of alkylquinolincs to carboxy- 
quinolines. Permanganate oxidizes 2-alkyl and arylquinolines to acylan- 
thranilic acids and carbostyril to a mixture of isatinic and oxalylanthra- 
nilic acids. 

a COCO.H 

NHj NHCOCOjII 



Permanganate oxidizes acridine to quinoline-2,3-dicarboxylic acid. 



Other oxidations in which the quinoline ring is not ruptured are the 
oxidation of quinoline to its N-oxide by perbenzoic acid and to carbo¬ 
styril by hypochlorous acid or potassium hydroxide. 

The pyridine ring of quinoline is also opened on reaction with benzoyl 
chloride and 10% alkali. This is much like the Reisscrt reaction except 
that the hydroxyl group adds to the a-carbon in formation of the dihy¬ 
dro derivative which shows characteristic reactions of the open-chain 
aldehyde and is, therefore, presumably o-benzamidocinnamaldehyde. 
This is similar to the alkaline ring cleavage of 2,4-dinitrophenylpyri- 
dinium chlorides. 




a CH=CHCHO 
NHCOCeH* 


~ M \ aV \ OT o{ tctrahydroquinolincs in the Hofmann and the Emdo 

degradations 13 discussed on p. 1173 in VoL II. 2nd ed.. of this Treatise. 
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Structure. Heat of combustion and bond energy data indicate a 
resonance energy of 69 kcal. as compared to 75 kcal. for naphthalene. 
As with naphthalene, certain reactions indicate that formula I is the 
reacting species and formulas II and III are not involved. Thus, 6- or 



1 11 in 


7-aminoquinoline couples on reaction with benzenediazonium chloride 
in the 5- and 8-positions respectively as predicted for forms I and III 
with no evidence of coupling in positions 7- or 6- as predicted for form 
II «26 This type of situation has been discussed elsewhere in terms of 
bond fixation *** and resonance.* 04 
The structure of the 2- and 4-hydroxyquinolines is not clearly settled 
by the available evidence. Physical data, particularly absorption spec¬ 
tra, indicate that the keto form predominates, but in chemical reactions, 
such as the Reimer-Tiemann and Claisen reactions discussed above, it 
appears as if the hydroxy form predominated. Alkylation by alkyl 
halides gives the N-alkyl derivative, however. Apparently a tautomer- 
ism is involved, but resonance possibilities such as have been suggested 
for pyridone structures are undoubtedly involved. 



Acridine. The acridines are of considerable significance as pharma¬ 
ceuticals and as dyes. Syntheses of this ring system appear as many 
variations of three principal types. (1) From diphenylamines: 



Using lead oxide as the oxidizing agent 20-35% of acridine is obtained. 44 * 


2G9. 


**« Ilenshaw el al.. J. Am. Chem. See.. 61, 3322 (1939). 

««* See pp. 149ff in Vol. I. 2nd cd.. of this TroatUe. 

Wheland. "Theory of Resonance." John Wiley & Sons New 'JI9J4). p. 
‘“Yakubovich and Nevyadomskii. J. Gen. Chem. U.S.S.R.. 18, 88< (194S) I • •• 

232 (1949)1. 
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Diphenylamines are also cyclized to acridines by heating with formic 
acid. 444 (2) From diphenylmethanes: 



(3) From aniline: 


OHC 



The acridine nucleus in atabrine is formed from p-anisidine and 2,4-di- 
chlorobenzoic acid in a variation of the third type of synthesis: 407 



In this reaction the N-phcnylanthranilic acid, which is a diphenylamine 
derivative, is a probable intermediate, and, in fact, such anthranilatcs 
are, in general, converted to 9-chloroacridines by phosphorus oxychlo¬ 
ride. 446 -^ 447 The chlorine in the 9-position is active and combines with 
amines to give atabrine types. The acridine dyes arc formed from 
anilines and aldehydes by the following reaction. 



(CH,),N-0O0-N(CH,), 

N 

Acridine or*n$e 

Acridine is nitrated to the 2- and 4-raononitro compounds and is easily 
reduced to 9,10-dihydroacridine. Oxidation of acridine with potassium 


444 Albert. J. Chan. Soc., 1225 (1948). 

•"Shepard and ShonJe. J. Am. Chan. Soc., 70, 1979 (1948) 
444 Daubcn. ibid., 70, 2420 (1948). 

4,7 Albert and Ritchie, Org. SynOuiet. 22 , 5 (1942). 
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permanganate forms quinoline-2,3-dicarboxylic acid, but oxidation of 
acridinium compounds leads to o-carboxydiphenylamine. Acridone, a 
remarkably stable compound formed by sulfuric acid dehydration of 
N-phenylanthranilic acid, 444 presents a structural problem similar to 
that of the pyridones. 


ISO QUINOLINES 

The isoquinoline ring system is of considerable significance as the 


» 4 



I I 


nucleus of many alkaloids believed to be derived from phenylalanine- 
type amino acids through decomposition to the 0-phenylethylamine 
and cyclization with an aldehyde. 44 * 



Opium, cactus, berberine, and curare alkaloids are of the isoquinohne 
type. The structure of morphine is rather unusual and has been con¬ 
firmed by synthesis only after long study by many chemists. 44 ** 



Syntheses. Three important types of isoquinoline syntheses start 
with (1) / 3 -phenylethylamines, (2) benzalimines, and (3) various orlho- 


mi Allen and McKee, xbul.. Coll. Vol. 2. 15 (1943). 

«• The isoquinoline alkaloids arc discussed on pp. 1209-1227 in 


Vol. II. 2nd cd.. of this 


Treatise. 

m*o Gates. J. Am. CKem. See.. 74, 


109 (1952). 
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substituted benzoic acids and related derivatives. 449 * 0-PhenylethyIam- 
ines as their acyl derivatives are dehydrated to dihydroisoquinolines in 
the Bischler-Napieralski synthesis. 4 * 0 * 450- Oxidation to the isoquinoline is 
accomplished by acid permanganate or preferably by catalytic dehydro¬ 
genation. 461 The yield of isoquinoline itself is low but the method is of 
general utility otherwise. The use of 0-aryl-0-hydroxyethylamines 
leads directly to isoquinolines. 465 



The condensation of 0-phenyIethylamines with aldehydes leads to 
tetrahydroisoquinolines. 465- This cyclization is brought about by acid 



and, in some instances, under very mild conditions. Thus, 83% of the 
tetrahydroisoquinoline is obtained from 0-(3,4-dihydroxyphenyl)ethyl- 
amine hydrobromide and acetaldehyde in dilute aqueous solution at 
25° and pH 3-5. 46 * Formaldehyde and 0-phenylethyIamine give no 
tetrahydroisoquinoline. 46 * - 

Cyclization of benzalimines, known as the Pomeranz-Fritsch reac¬ 
tion, 464 - 46 * is a rather useful synthesis. Benzalimino acetal is cyclized 
by sulfuric acid or phosphorus oxychloride to isoquinoline in 50 % yield. 



H=NCH a CH(OC 2 H 6 ) 


a 



M,k Manake. Chem. Rns., SO. 145 (1942). 

Bischler and NapieraMri. Her., 26. 1903 (1893). 

«iV Vh ? ,Cy and Govindachari ' Or 0 . Reactions, 6. 74 (1951). 

Spilth. Berger, and Kuntara. Ber.. 63, 134 (1930). 
^Bruckner. Kovaca. and Nagy. Ber.. 77. 710 (1944). 

« cVw #y and 'Govjndachari. Or 0 . Reactions. 6. 151 (1951). 
Schdpf and Bayerle. -Inn.. 613, 190 (1934). 

Decker and Becker. Ann.. 395. 342 (1913). 

SUub Helv. Chim. Acta. 6. 888 (1922). 

Gonaler, Org. Reactions. 6, 191 (1951). 
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A modification of this synthesis using the inline formed from benzyla- 
mine and glyoxal acetal gives 45% of isoquinoline 455 and is successful 
in the preparation of 1-alkyl derivatives where the Pomeranz-Fritsch 
reaction fails. 



The cyclic imide derived from homophthalic acid, or its dinitrile, is 
the keto form of 1,3-dihydroxyisoquinoline. 



0 


Isocoumarin, which may be regarded as a cyclic form of homophthalal- 
dehyde, is almost quantitatively converted to isocarbostyril by alcoholic 
ammonia at 120-130 0 . 4 " 



Reactions. Characteristic substitution reactions of isoquinolino are 
known. Bromine forms a pcrbromide at low temperatures which at 
180° is converted to 4-bromoisoquinoline. 4 ‘ 7 - 4M Nitration of isoquino¬ 
line gives 5-nitroisoquinoline. 449 1-Chloroisoquinoline also brominates 
to the 4-bromo 440 and nitrates to the 5-nitro derivative. 4 * 4 *' Sulfona- 
tion at 115° forms the 5-sulfonic acid which rearranges on heating to 
the 8-sulfonic acid. The latter is formed directly at 300°. m4 “ Sodam- 
ide aminates in the 1-position but in poor yield. Potassium amide in 


*» Schlittler and Muller. Hdv. Chim. Acta. 31. 914 (1948). 

Bamberger and Frew. Ber.. 27, 198 (1894). 

447 Bergstrom and Rodda. J. Am. Chem. Soc.. 62, 3031 (1940). 
«*• Craig and Cass. ibid.. 64, 783 (1942). 

449 Misoni and Bogert. J. Org. Chrm.. 1°. 358 (1945). 

«eo Elpern and Hamilton. J. Am. Chcm. Soc.. 68, 14J. (1940). 

Robinson, ibid.. 69, 1939 (1947). 

«« Tyson, ibid.. 61. 183 (1939). 

«« Robinson, ibid.. 69, 1944 (1947). 
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ammonia gives 70% yield of l-aminoisoquinoline. 464 Grignard reagents 
form 1-alkyl derivatives, and lithium alkyls add 1,2, then on heating 
also give 1-alkyl derivatives. Potassium hydroxide forms 1-hydroxyiso- 
quinoline. 461 Butyllithium metalates in the l-position. 4 “ Replacement 
of hydroxy by amino, the Bucherer reaction, is possible. 44 * 

Addition of hydrogen to the isoquinoline nucleus by either catalytic 
or chemical methods gives the tetrahydro derivative, by addition to 
the pyridine ring, or the decahydro derivative. The Reissert reaction 
using benzoyl chloride, alkali, and potassium cyanide forms a 1,2-addition 
product which is hydrolyzed by acid to isoquinolinc-l-carboxylic acid. 



Significant differences between quinoline and isoquinoline are appar¬ 
ent in the reactions leading to ring opening. The isoquinoline ring is 
not ruptured, although quinoline is, by benzoyl chloride and alkali. 
Oxidation of isoquinoline with alkaline permanganate gives a mixture of 
pyridine-3,4-dicarboxylic and phthalic acids; with neutral permanganate, 
phthalimidc is the chief product. Perbenzoic acid gives the N-oxidc. 

The structure of isoquinolinc raises questions of bond fixation such as 
were encountered with quinoline. The stabilization of the bonds is 
indicated by the successful condensation of 1-mcthylisoquinoline with 
aldehydes and the failure of the same reaction with 3-methylisoquino- 
line. In the absence of bond fixation, the non-reactivity of the 3-methyl 
isomer is difficult to explain. The 1-hydroxy derivative, like the similar 



pyridines and quinolines, shows reactions of both tautomeric forms. 



I? 5° i rg8lt0m ' Ann ’ 615 - 34 B034); Chan. Rev.. 36. 227 (1944) 
Gilman and Gainer. J. Am. Chem. So c.. 69. 1946 (1947). 
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PYRIMIDINES 

The pyrimidine or 1,3-diazine heterocyclic system by itself or 
condensed with other ring systems is found in three of the B group 
vitamins—folic acid, riboflavin, and thiamine—in alkaloids of the 
caffeine type, and in nucleoproteins. The last are combinations of pro¬ 
teins with nucleic acids and are found widely distributed in nature 
chiefly as constituents of glandular tissues such as those of thymus, 
liver, and pancreas. Viruses are thought to be nucleoproteins. 4646 The 
nucleic acids 467 are condensed or polymeric phosphoric acid esters of 
nucleotides, 468> 469 which in turn are nucleoside phosphates. The nucleo¬ 
sides are glycosides of ribose or desoxyribose and a purine or a pyrimi¬ 
dine. These relations are summarized as follows. 

Nuclcoprotein —* Protein + Nucleic acid 
Nucleic acid —* Nucleotides + H a O 
Nucleotide —* Nucleoside + HjPO« 

Nucleoside —* Purine or pyrimidine + Ribose or desoxyribose 

The following compounds illustrate the types of pyrimidines and purines 
found as constituents of nucleic acids. 



Uracil 

(2,6-dihydro»y. 

pyrimidinc) 


Tbymine 

<2.ft-dihydn»yS- 

melbylpyrimidinc) 


Cytosine 

(2-hydro*y-6- 

nrainopyrimidinc) 


NH* 



Metbylcytooioe 

(2-bydroiy-6-smmo- 

S-methylpyrimidinc) 


NH a 



Adenine 

(6-aminopurine) 


OH 

N^N-NH 

JL J 

N N 

Guanine 

(2-amino-(>-hydro*ypunne) 


••• Johnson in Gilmnn. "Organic Chemistry." John Wiley 4 Sons. New York (1938), 1st 
ed.. Vol. II. Chapter 11. 

««n Lythgoe, Quart. Rr re. (London). 3, 181 (1949). 

4M6 Stanley. Am. Scientist. 36, 59 (1948). v . MQ „, 

«•> Levene and Bass. "Nucleic Acids." Chemical Catalog Co.. New York (193 ). 

«u Churgaff and Vischer. Ann. Rrv. BiocUm.. 17, 201 (1948). 

««»Todd. J. Chem. Soc.. 647 (1946). 
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Adenylic acid, which functions as a phosphoric acid carrier in the 
metabolism of carbohydrates, is a nucleotide consisting of adenine, 
ribose, and phosphoric acid. Purines similar to those found in nucleic 
NH, 



CHCHOHCHOHCHCHjOPOjHj 

1—0-1 

Muscle adenylic acid 

acids are also found widely distributed naturally. Among these are 
xanthine or 2,6-dihydroxypurine, hypoxanthine or 6-hydroxy purine, 
and uric acid or 2,6,8-trihydroxypurine. Caffeine is a 1,3,7-trimethyl- 
xanthine derived from the keto form of xanthine. 

OH O O 




Xanthine 



xumuuue is a pynmiuine carrying a imazoie (see p. /yoj substituent; 
riboflavin and folic acid contain the isoalloxazine and pteridine ring sys¬ 
tems respectively, both of which are pyrimido-pyrazine types and are 
discussed in the section on pyrazines. Sulfadiazine, sulfamerazine, and 
sulfamethazine are among the most useful of modem sulfa drugs. 4690 
Sulfadiazine is the “drug of choice" for most uses. 470 2-Amino-4-dial- 


H,NC,H 4 SO 


X) 

N 


h 2 nc,h 4 so,n 


Sulfadimine 


jcu 

N 


Sulfamcnuinc 


CH. 


N ll 

*nh!^ JL-ch, 


HjNCeH.SO 

N 

Sulfamethasine 

PP- 436ff. in Vol. Ill of this Treatise 

COraPOU " d ’" corp.. New 
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kylaminoalkylarainopyrimidines have been studied as antimalarials, 471 
and the widely used barbiturates are pyrimidine types. 

Syntheses. A variety of compounds with an amidine structure can 
be cyclized to pyrimidines. 46 *’- 472 Amidines, thioureas, urea, and guani¬ 
dine react with diketones, keto esters, malonic esters, cyano esters, 
acrylic esters, and related compounds. Amidines, urea, guanidine, and 
thiourea form respectively 2-alkyl-, 2-hydroxy-, 2-amino-, and 2-mer- 
captopyrimidines. Diketones give 4,6-dialkyl derivatives; keto esters, 
4-hydro.\y-6-alkyI; ethyl cyanoaeetate, 4-amino-6-hydroxy; diethyl 
malonate, 4,6-dihydroxy; and malonamide, 4,6-diamino derivatives. 
These reactions may be generalized as follows. 

NH OCR' 

II I 

RC + CH, 

I I 

NH, OCR" 

Amidine: R - hydrocarbon Dikelone: R'. R" - alkyl 

Urea: R - hydroxy Keto eater: R' - alkyl. R" - hydroxyl 

Guanidine: R - amino Malonamide or malononitrile: R\ R" - ammo 

Thiourea: R - mercapto Malonic eater: R'. R" - hydroxyi 

Although various conditions are used, these reactions usually take 
place at room temperature or on heating when the reactants are com¬ 
bined in the presence of an alkaline reagent such as sodium hydroxide 
or sodium ethoxide. Thiourea and guanidine react more readily than 
urea. There are reports that urea does not react at all under conditions 
successfully used for cyclizations with thiourea and guanidine. This 
type of synthesis, using an amidine (—C(=NH)NH 2 ) structure, will 
be discussed in the following paragraphs on the basis of significant 
examples of the reaction using (1) amidines, (2) urea, (3) guanidine, 
and (4) thiourea. 

Acetamidine is used in syntheses of various 2-methylpyrimidines 
which are then converted into the pyrimidine portion of thiamine. 
Condensation with ethyl a-formyl-0-cthoxypropionate 473 and with 

cthoxymethylenemalononitrile has been used. 471 - 

NH OCH 

CH 3 C + CHCH 2 OC 2 Hs 

nh 2 ococ 2 h* 

«. Curd cl a!.. J. Chcm. See.. 343. 351. 357 (1946). 

Shriner and Neumann. Chem. Rers., 36, 395 (1944). 

»J* Williams and Cline. J. Am. Chem. Sec.. 68^ 1504 (1936). 

«:*<• Todd and Bergel. J. Chem. Soc.. 3M (1937). 
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NH CjHsOCH 

II II 

CH*C + C—CN 

I I 

NH* CN 


n^S-cn 


Formamidine is used in this type of synthesis to form otherwise almost 
inaccessible pyrimidines having no 2-substituent. 473fc With benzeneazo- 
malononitrile, 4,6-diamino-5-benzeneazopyrimidine is obtained. 


CII + HC—N=NC*H» 


C.H.ON. N 


N=NC*Hfc 

NH, 


Diethyl malonate gives 4,6-dihydroxypyrimidine but malononitrile 
reacts differently to form 4-amino-5-cyanopyrimidine. Malondiamidinc 
is cyclized on reaction with ethyl formate to form 4,6-diaminopyrimi- 
dine. 473 * 

NH* 

I 

C NH, 

✓ \ I 

HN CH, 

HCOOC,H* + C—NH, k. J-NH, 

N 

HN 

Urea condenses with malonic ester on refluxing in an alcoholic sodium 
cthoxide solution to form barbituric acid in 75% yield . 474 This synthesis 


IIN C,H*OCO 


HOC + 


C,H,OCO 


OH 

— NJ |I 
2 HO-I^ JLoh 


is used in the preparation of the many varieties of 5-substituted barbitu¬ 
rates used as hypnotics and sedatives. When urea is added to an alco¬ 
holic solution of ethyl acetoacetate in the presence of acid, ethyl 0 - 
uramidocrotonate separates. This ester in the presence of hot aqueous 

** B *ddUey. Lythgoe. and Todd, ibid., 387 (1943). 

^ Kcnnor e* al„ ibid.. 574 (1943). 

4,4 Dickey and Gray. Org. SyrUhut*. CoU. Vol. 2, 60 (1943). 
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sodium hydroxide cyclizes immediately, and on acidification 6-methyl- 
uracil precipitates in 75% yield. 47 * 


HN OCOC 2 Hs 

II I 

HOC + CH, 

I I 

H,N OCCHj 


HO 


NH OCOC,H* 

II I 

HOC CH 

I II 

HN-CCHj 



Kormylacetic acid, formed in situ from malic acid and sulfuric acid, 
condenses with urea in a practical synthesis of uracil. Acrylates con¬ 
dense with urea to form 2,6-dihydroxy-4,5-dihydropyrimidine (dihy¬ 
drouracil). 


NH, 

C,H*OCO 

HN—CO 

1 

1 

i 

1 

CO + 

CH — OC 

CH, ^ 

1 

II 

1 

1 

NH, 

CH, 

HN- 

-CH, 



Guanidine and ethyl cyanoacetate form 2,4-diamino-6-hydroxypyrimi- 
dine, an intermediate in the synthesis of guanine. The 4-amino deriva¬ 
tives are converted to 4,5-diaminopyrimidines by nitrosation and reduc¬ 
tion. These 4,5-diamines are useful intermediates in the preparation of 

NH, CjHftOCO HN—CO 

I I II 

H,NC + CH, — H,NC CH, 

II I II I 

NH CN N—C=NH 

purines (see p. 877). Guanidine is also used in the synthesis and manu¬ 
facture of 2-aminopyrimidines for conversion to sulfanilamides. 470 Sulf¬ 
adiazine is synthesized from formylacetic acid 476 477 and guanidine 
through the following reactions. 


NH HOCH 



4,1 Donleavy and Kiae. ibid.. Colt. Vol. 2. 422 (1943). 
474 Roblin el al.. J. Am. Chem. Soc.. 62. 2002 (1940). 
477 Northey. Ind. Eng. Chem.. 36, 829 (1943). 
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0 -Ethoxyacrylaldehyde acetal replaces malondialdehyde to condense 
with guanidine to form 2-arninopyrimidine directly . 4770 Formylacetone 
and acetylacetone give 2-amino-4-methyl- or 2-amino-4,6-dimethyl- 
pyrimidine. Many substituted sulfanilamidopyrimidines have been 
prepared from these and other amino derivatives . 478 

Thiourea reacts readily to form 2-thiolpyrimidines. Acetylacetone 
forms 2-thiol-4,6-dimethyIpyrimidine; 4784 sodium formylacetic ester 
forms 2-thioluracil; 4788 and diethyl malonate forms 2-thio-4, 6 -dimethyl- 
pyrimidine. All these condensations take place under the influence of 
sodium ethoxide in alcohol. A valuable variation of this type of con¬ 
densation uses alkylisothioureas. 478 * 

NH NaOCH 

Hf + f ^ c, HiS jOoh 

NH, C,H|OCO N 


An interesting variation of the ureide cyclization takes place during 
the Hofmann degradation of succinamide or maleamide . 478 The inter¬ 
mediate isocyanate cyclizes to uracil. 


H,NCOCH H0C1 H,NCOCH 
H,NCOCH OCNCH 


CO 
/ \ 

HN CH 


oi 


\ / 
N 
H 


CH 



The sodium or potassium alkoxide catalyzed condensation of three 
moles of a nitrile to a pyrimidine is quite distinct from the preceding 
pyrimidine syntheses. The reaction takes place when three moles of 
the nitrile are heated at 140° with potassium raethoxide. The reaction 
probably proceeds through the intermediate iminonitrile which con¬ 
denses with a third molecule of nitrile as shown. 2 , 6 -Dimethyl- 4 - 


4,J * Price and Mooa, /. Am. Chan. Soc.. $7, 207 (1945). 
" Brakor < «*. 69, 3072 (1947). 

4,s * Halo and Williams, ibid., 37, 694 (1916). 

4m Johnson and Joyce, ibid., 38. 1390 (1916). 

Kinkea, Ktc. tr<&. chim., 46, 268 (1927). 
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2RCH2CN 


CH 2 R 

I 

c 

✓ \ 

HN CHR 

I 

CN 


RCHjCN 


CH 2 R 

I 

C 

✓ \ 

N CHR 

I I 

RCHjC CN 

\ 

N 

H 


N 

I 

RCHjC 


CHjR 

I 

C 

' \ 

CHR 


N 


/ 


CH,R 

I - 

C=NH RCHz—JLNHj 


aminopyrimidine is obtained from acetonitrile. 480 In another unusual 
synthesis phenylacetonitrile is heated at 180° with formamide in the 
presence of ammonia to give 4-amino-5-phenylpyrimidine in 54% 
yield. 481 

Pyrimidine itself is prepared by oxidation of alkylpyrimidines to 
carboxylic acids followed by decarboxylation or by zinc-dust removal 
of the halogens from 2,4,6-trichloropyrimidine formed from barbituric 
acid and phosphorus oxychloride. The alkylpyrimidines are obtained 
directly from amidines and diketones. 

Substitution Reactions. Very little information is available about 
the substitution reactions of pyrimidine or its alkyl derivatives. That 
nucleophilic substitution introduces amino groups at positions 2- and 
2,6- in 4-methylpyrimidine has been reported. 481 ® Electrophilic substitu¬ 
tions would be predicted to be difficult on the basis of electron defi¬ 
ciencies at the 2-, 4-, and 6-positions. 

Pyrimidines with hydroxy, alkylmcrcapto, and amino groups undergo 
electrophilic substitution reactions with a variety of reagents to intro¬ 
duce substituents in the 5-position. Uracil, methyluracil, and barbi¬ 
turic acid have been most generally used. Nitration of barbituric acid 
with fuming nitric acid at 10-40° produces 85% of the 5-nitro denva- 


<N Ronzio and Cook, Org. Sunlhcaco. 24. 6 (1944). 

«M Davies et al.. J. Chem. Soc.. 347. 362 (1945). 

««'• Ochiai and Karii. J. Pharm. Soc. Japan. 69. 18 (1939) [C. A. 


32. 3791 (1939)). 
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tive. 482 Similarly uracil and 6-methyluracil are converted to 5-nitro 



The latter nitrates with accompanying oxidation of the methyl to 


carboxyl. 



The nitration of 4-methylpyrimidine gives a dipyrimidylfuroxanc, 
presumably through introduction of a nitro group on the methyl. 
4-Methyl-6-aminopyrimidine is converted to a nitramine. 



0 


NIINO, 

A 

k. J-ch, 

N 


Nitrosation is an important reaction of the 4-aminopyrimidines 
obtained from ethyl cyanoacetate. The 5-nitroso derivatives arc readily 
reduced to 4,5-diaminopyrimidines, which can be converted to purines 
by reaction with formic acid. Thus, 2,4-diamino-6-hydroxypyrimidine 
is converted by nitrous acid to the 5-nitroso derivative in the synthesis 
of guanine. Barbituric acid is converted to its 5-nitroso derivative 
similarly. 

OH 

N ll 

H,N— J —NH 
N 

CMoromethylation of 1,4-dime thy luracil results in formation of the 
5-ehloromethyl denvat.ve,‘» and 6 -methyluracil reacts with formalde- 

m “, d Sh ?. Pa,d ' **■ CM- Vol. », 440 (1943). 

Schmedes, Ann., 441, 192 (1925). ; 
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hyde, in the presence of either acid or base, to give good yields of the 
5-methylol compound. 4 * 4 


0 




N : 


N^Y-CHtOH 


HO-l^ JL-CH, HO-I^ J-CH, 

N N 


Halogenation also introduces a substituent at the 5-position. Both 
6 -raethyluracil and barbituric acid produce 5-bromo compounds. 
2-Amino- and 2,4-diaminopyrimidines are chlorinated, brominated, or 
iodinatcd to the 5-halo derivatives. 4 **- 4 **- 4 * 7 This successful halogena¬ 
tion of 2-aminopyrimidine is the only known electrophilic substitution 
of a pyrimidine carrying only one such activating group. Chloropyrimi- 
dines are also formed in the reaction between hydroxypyrimidines and 
phosphorus oxychloride or pentachloride. 4 ** The conversion of barbi¬ 
turic acid to trichloropyrimidine gives 46% of the trichloride using 
phosphorus oxychloride and dimethylaniline. 6-Methyluracil and 
alloxan are converted to 2,4-dichloro-6-methyl- and 2,4,5,6-tetra- 
chloropyrimidine respectively. These chlorine atoms are selectively 
replaced by amino groups on reaction with ammonia. 4 ** 0 
Alkylation of barbituric acid by reaction of its silver salt with methyl 
iodide produces 5,5-dimethylbarbituric acid. 



«« Kircher. Ann., 385. 293 (1911). 

*** English el al., J. Am. Chem. Soc.. 68. 453 (1946). 

"•Shepherd and Fellows, ibid.. 70. 157 (1948). 

" 7 Price. Leonard, and Whittle. J. Org. Chem.. 10. 327 (1945). 

«« Baddiley and Topham. J. Chrm. Soc.. 678 (1944): cf. King. King, and Spcnsley, .ft**.. 

12 "* Joto^n in Gilman. ‘ Organic Chemistry." John Wiley & Sons. New York (1938). 
1st ed.. Vol. II. p. 959. 
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Pyrimidines with —OH or —NH 2 groups in the 2,4-; 4,6-; and 2,4,6- 
positions couple with diazonium salts 489 to give 5-phenylazo deriva- 


OH 



OH 


OH 

c ,H>Nta N^K-N=NCeH* 
' HO—Jl—OH 
N 


tives. This reaction is very useful in synthesis. A 4-amino-5-phenylazo 
derivative can be reduced to the 4,5-diaminopyrimidine types needed 
for purine syntheses (see p. 878). 4,9a When 2-thiol groups are present, 
a 2-phcnylthio derivative is formed rather than the 5-phenylazo com¬ 
pound. 4896 

Addition Reactions. Addition products are isolated as primary 
products in several of the substitution reactions described in the preced¬ 
ing section. A striking example of the formation of an addition product 
is the isolation of the same dihydropyrimidine derivative by addition of 
nitric acid to 5-bromouracil and by addition of hypobromous acid to 
5-nitrouracil. Bromine adds to 2-methylmercaptopyrimidine in carbon 



tetrachloride to form an unstable dibromide which on heating under 
pressure is converted to the 5-bromo derivative. Thymine also adds 



hypobromous acid or nitric acid to the 4-5 double bond. Oxidative 
attack at the 4-5 double bond by permanganate is postulated to proceed 
through preliminary formation of the 4,5-dihydroxy adduct. 

Dihydrouracil is formed by the catalytic reduction of uracil over 
platinum or palladium at 75°. Nickel at 175° and 200 atm. can also be 
used to add hydrogen to the 5-6 double bond. However, the parent 


tt ® Lythgoe, Todd, and Topham, J. Chem. Soc.. 315 (1944). 

W *“ Badditey. Lythgoe. and Todd, ibid., 318 (1944); Kenner, Lythnoo and Todd ihiA 

“ d 9,3 

Falco et a»„ J. Am. Chem. Soc., 71, 362 (1949). 
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hexahydropyrimidine is obtained from formaldehyde and trimethyl- 
enediamine. Tetrahydropyrimidines are obtained by cyclization of acyl 
derivatives of trimethylenediamine. Hexahydropyrimidine appears to 
exist in solution in equilibrium with an open-chain compound and may 
be isolated from this solution as a diacyl derivative. 


H 2 N—ch 2 

I 

h 2 c ch 2 
II I 

N—CH 2 


HN—CH 2 

h,c 

I I 

HN—CHa 


CeH k CON—CH 2 

I I 

h 2 c ch 2 
I I 

C.HjCON—CH 2 


Ring Stability. There are considerable data on the oxidative-reductive 
stability of the pyrimidine ring, particularly for the substituted types. 
In some reactions the pyrimidine ring remains intact during oxidation 
reactions. The oxidation of alkylpyrimidines to carboxy derivatives 
has been mentioned previously. Potassium permanganate is success¬ 
fully used, and nitric acid, as noted previously, also oxidizes side-chain 
alkyl groups to carboxylic acids. Further evidence of the pyrimidine 
stability is shown in the permanganate oxidation of quinazoline to 4,5- 
pyrimidinecarboxylic acid and the perchlorate 00 or hypochlorite oxida¬ 



tion of uric acid with the formation of alloxan. Generally, alkaline 


OH 



Several 

•leps 


HN—CO 

I I 

OC CO 

I I 

HN—CO 


oxidation of hydroxypyrimidines cleaves the ring, and urea or substi¬ 
tuted ureas result. Thus, 6-methyluracil is converted to acetylurea 
and oxalic acid by cold, alkaline permanganate. Ozone in acetic acid, 
iodine in alkali, and ferrous salts cause similar cleavage. In acid, the 
ring is not usually cleaved but addition at the 5-6 bond often takes place 
as noted previously in the addition of hypobromous acid and nitric 
acid. Reduction with sodium and alcohol generally causes cleavage 
with formation of a 1,3-diamine. Thus, 1,3-diaminobutane is obtained 
from 6-methylpyrimidine. 

*»° Nightingale. Org. SynOuMeM, 23, 6 (1943). 
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Structure. The pyrimidine nucleus presents the usual Kekule reso¬ 
nance possibilities, and it can be seen that in these two forms the 4- and 
6 -positions are equivalent. In these structures electronic effects similar 



N N 


to those occurring in the pyridine ring are operative to produce electron 
deficient centers at the 2-, 4 -, and 6 -positions. The previously noted 



general reluctance to react with electrophilic reagents and substitution 
in the 5-position when the ring is activated by electron donor groups is 
consistent with the operation of these electronic effects. 

There is good reason to doubt that those pyrimidines having “hy¬ 
droxyl” groups in the 2-, 4-, or 6 -positions have simple hydroxyl struc¬ 
tures. They are difficult to acylate, and alkylation may produce N-alkyl 
derivatives. Thus, uracil can exist in various tautomeric forms (I-IV) 
each of which is a resonance hybrid. 1,3-Dimethyluracil is formed by 



the action of diasomethane on uracil or by the action of methyl 
iodide on the potassium salt of uracil.«« Some hydroxypyrimidincs 
react with alkali and alkyl iodides to form O-alkyl derivatives directly «'«< 
I he preferred procedure for preparing the O-alkyl types is to treat the 

JKrtS c °”P° unds alcoholic solution of the alkox- 
r • 2.6-dunethoxyuracil is formed from 2,6-dichloropyrimi- 

d m e m 93 % y ,eld - The O-alkyl compounds rearrange to N-alkyl types 

"« ‘” d Am ' Ckm ' So€ - “• 1538 0930). 

Johnson and Clapp, J. Bid. Ckm.. 6. 49 (190S). 

z si zsztJir* chm &e - »■ 0915 ). 

Hubert and Johnson, ibid.. 62, 2001 (1930). 
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on heating. At 220-240°, 2,6-dimethyluracil rearranges to 1,3-dimethyl- 
uracil. 4904 

OH 0 

nA hn^s 

ho-LJ^o=< J 

N N 

H 

Jpoci, 


CHjONa 


Some clarification of the structure of uracil has been obtained by 
ultraviolet spectroscopy. It has been observed 490# that the spectrum 
of uracil in ethanol differs from that of 2,6-dichloro- and 2 , 6 -diethoxy- 
pyrimidine, both of which have structure I; from that of 6-methoxy-3- 
methyluracil, which must have structure III; and from that of 1,3-di- 
methyluracil, which must have structure IV. The spectrum is similar 
to that of 1-methyluracil. The conclusion is that in solution in alcohol 
uracil must have the structure II. There is evidence for the existence 
of a 6-hydroxyl group in barbituric acid. A comparison of the properties 






of barbituric acid, 5-ethylbarbituric acid, and 5,5-diethylbarbituric acid 
shows that the acid dissociation constants of these acids are, respectively, 
1051 X 10“ 7 , 383 X 10- 7 , and 0.37 X 10“ 7 . 490 ' The much greater 
acidic strength of the first two is attributed to the presence of an enohc 
hydroxyl in the 6-position. 

Reference to such resonance forms as the following indicates the way 



H 


4M * Austin, ibid ., 66, 2141 (1934). 

«*o/ Wood. J . Chem. Soc.. 89, 1831 (1906). 
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in which a hydroxyl group in the 2-position tends to increase electron 
availability at the 5-position in the ring. Pyrimidines carrying two or 
three hydroxyl groups in the 2-, 4-, or 6-positions are subject to similar 
effects to enhance the electron availability at the 5-position. However, 
some of the substitution reactions of barbituric acid, such as alkylation 
to produce 5,5-dialkyl derivatives, are reminiscent of the reactions of 
active methylene compounds such as malonic ester and probably involve 
different mechanisms. 

Purines. The most widely used and practical purine synthesis, which 
was developed by Traube, 4 *** starts with a 4,5-diaminopyrimidine. As 
noted previously, these are available by reduction of the nitroso com¬ 
pounds obtained from 4-aminopyrimidines in turn obtained from cyano- 
acetic esters. 


NH CtHiOCO 

+ CH, l^l N0 

| J-NH, NH, 

CN N 


OH 


OH 


HOC 

I I 

NH, CN 


OH 



|H| 


N^jpNH, cico i c,iu Ns il-NH 

H °-k JL-nh, * HO-kJI^ J = 0 (Uri0 - cid) 


N 


N N 
H 


HCOiU 
-> 



(Xanthine 


OH 


CSl or N ^|l- NH 

“ BCS,N * > SH 

N N 

The xanthine synthesis has been operated commercially «■ as a step 
n the manufacture of caffeme. The methylation of xanthine to caffe ne 
takes place usmg methyl chloride and alkali or dimethyl sulfate. Use of 
*"* Traube. Ann.. SSI. 64 (1904). 

Chan. Eng. New,. 16. 2832 (1948). citing PR-42657. 


878 


ORGANIC CHEMISTRY 


this type of reaction in the synthesis of adenine, guanine, hypoxanthine, 
theophylline, theobromine, and purine itself has been discussed previ¬ 
ously in this Treat ise. 49,a 

An alternative route to the necessary 4,5-diaminopyrimidines uses 
phenylazomalononitrile, 492 which is condensed with formamidine and 
reduced to a 4,5,6-triaminopyrimidine. This triamine is converted to 


HN CN 

II I 

HC + HC—N=N—C«H* 

I I 

HjN CN 


C4H.ON* 


NH 2 


NC.Hj 

kJ-NH, 

N 


H r Ni 

or 

Zn-HjO 


NH, 



N 


adenine in 35-40% yield by heating with formic acid. 4 ” The 5-phenyl- 
azo group can be introduced by direct substitution as previously dis¬ 
cussed. 4 ** 0 

It is also possible to build up the purine ring system starting with a 
5 (4)-amino-4(5)-imidazolecarboxamide. A synthesis of 7-methylgua- 
nine involves condensation of an amino amide with diethyl carbonate. 


0 

II 

HjNC—ij-NCH, 

H*N-U 

N 


+ (C*H*0)jC0 


0 



Evidence has been presented that this process takes place in the bio¬ 
synthesis of purines. 494 Sulfanilamidcs prevent p-aminobcnzoic acid 
functioning as a coenzyme in the purine biosynthesis with the accumula¬ 
tion of 5 ( 4 )-amino- 4 ( 5 )-imidazolecarboxamide, which has actually been 
isolated under such circumstances. Another synthesis of 7 -methylgua- 
nine has been described starting with l-methylimidazole-4,5-dicar- 


«'• Johnwn in GU m an. "Organic Chemiatry." John Wiley 4 Son.. New York (1938). 
1S ^ 0 Baddi'ey, I 'Lytl,goe. and Todd. . J.(CKtm. 387 ( ( 1W)^ 
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boxamide. 4Wa Presumably a Hofmann rearrangement forms the isocya¬ 
nate, which cyclizes. 


OH 


HjNCO—i:-NCH, KOBr^ 

H 2 NCO-4^^1 


-NCHj 


N 


N N 


Purine itself is comparatively stable toward oxidation, but its various 
hydroxy and amino derivatives are readily attacked. Thus, oxidation 
of uric acid with alkaline reagents leads to allantoin; with acid reagents, 
alloxan is formed. The yield of allantoin in the former reaction is 75% 
using alkaline permanganate, 4,4 and the yield of alloxan is 50-60% 
using perchlorate in acid. 4 * 4 Each reaction takes place in several dis¬ 
tinct steps summarized as follows. 


COiK 

I 

HN—C—NH 
CO 


oi 


I 


CHjCOjH 


I 


HN—CII—NH 

I I 1 

OC 


HN-C—NH 
I 

OH 


I I 

HN-C 


CO 


NH 


HN—CHNHCONH, 

I 

OC 


HN- 


OH 


/KMnO.. NaOH 


;o 


Allantoin 



HN—CO 
OC C(OH), 

I I 

HN—CO 


HfS 


HN—CO 

oi 


HN 


OC-NH 

I I I 

CH-O-COH C0-2H,0 

OC-NH 


'4o 


Alloxantin 

1HNO, 


HN-CO 

I I 

OC 


CO Alloxan 


HN-CO 

Substitution reactions of the purines are known. A widely used 
reaction of this type is the conversion of hydroxy to chloro compounds 
by phosphorus oxychloride. Unc acid is converted to 2,&-dichloro-8- 
hydroxypunne and to 2,6,8-trichloropurine. 4 ” Halogenation intro- 

J - C ^ m - **- 229 (1W5); 378 (1947). 

... f a2 -' ° rr S\rxO*»cM, Coll. Vol. 2. 21 (1943). 

Nightingale, ibid., 23, 6 (1943). ' 

DavoU ' Todd, J. CW. See., 836 (1946). 
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duces an 8-halo substituent in theobromine, guanine, caffeine, and 
theophylline, often in excellent yield. 8-Bromotheobromine is formed 
from theobromine and bromine in chloroform. 498 


0 




Coupling with diazonium compounds takes place, also in the 8-po9ition. 
OH OH 



NH ClNjC*H«SO»H 


N* 


NH 


HO-l^ J\^-*N,C.H4SO,H 

N N 


A structural problem of considerable significance is presented by the 
7- to 9-tautomerism. The problem arises in locating the point at which 



the carbohydrate is linked to the nucleus in nucleosides and has been 
resolved by the following synthesis of 9-substituted types, which are 
identical with natural types. 499 



«»* Adams and Whitmore. J. Am. Chan. Soc.. 67, 1273 (1945). 
«•* Lythgoe. Smith, and Todd. J. Chan. Soc.. 355 (1947). 
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Quinazolines are formed from acyl derivatives of o-aminobenzal- 
dehydes or o-aminoacetophenones and ammonia. 6 ® 0 



Anthranilic acid or ester condensed with amides, amidines, or nitriles 601 
cyclizes to a 4-hydroxyquinazoline. Yields are good with formamide 
but poor for higher amides. 



COjH RCONH; 
NHj 



This reaction has been utilized in preparing an analog of chloroquinc 
found to have activity equivalent to quinine in avian malaria. 40 ®*- 602 - 601 
Acylanthranilic acids react with amines in the presence of phosphorus 
trichloride to form quinazolones. 604 

0 


Cn 


0 |H RNH, 
NHCOR 



The corresponding nitriles are converted to quinazolones by alkaline 
hydrogen peroxide. Quinazolones are also formed when one mole of 
phthalamide is treated with two moles of hypobromite. 



a^L red f UCt ‘ 0n ? U '°T ,iDeS are '““verted to 3,4-dihydroquin- 
azohnes, from which the quinazolines are reformed on ferricyanide oxi- 

“ S““ ee “ d Chmtensea. J. Am. Chcm. Sec.. 70. 4061 (1948) 

“ “’ ,y0r , l “ d "■*»*. J - Or,. Chcm.. 8. 239 (1943). 

mu a Cfirm ' 68 • 1298. 1301. 1303 (1946) 

M , S' 1 ' 0, L ® 0 ”“ rd ' “> d Curtin, ibid.. 68, 1305 (1946). '' 

Gnmmel, Guenther, end Morgan. Odd., 68. 642 (1946) 
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elation. 505 Chromic acid oxidation converts an unsubstituted quinazo- 
line to its 4-hydroxy derivative, and alkaline permanganate forms both 
the 4-hydroxy compound and pyrimidine-4,5-dicarboxylic acid. Acid 
hydrolysis opens the pyrimidine ring, and reaction with primary alkyl 
amines converts 4-quinazolones to the corresponding 3-alkyl-4-quin- 
azolone. 506 


O 

II 



NH 


RNHj 


N 



Nitration of quinazoline 505 or 4-hydroxyquinazoline introduces a 
6 -nitro group rather than the 5- or 8-product to be predicted from simi¬ 
larities in structure to quinoline or isoquinoline. Nitration of 2,4-di- 

HNOi 




methylquinazoline produces 2-methyl-6-nitro-4-quinazolone. 507 

Other Condensed Rings. The pyrimidine ring is also found in the 
alloxazines and pterins, where it is condensed with a benzopyrazine and 
pyrazine ring respectively. These compounds are described in the sec¬ 
tion on pyrazines since their synthesis is accomplished by formation of 
the pyrazine ring. 

Nitrous acid converts 4,5-diaminopyrimidines to triazolopyrimi- 
dines. 507 ® The guanine analog in this series has been observed to inhibit 
growth of cancer cells. 50:6 

hono N^^j]-NH 

H,N-V J- NH. * Jk J* 

N N N 


PYRIDAZINES 


Pyridazines are formed by oxidation of their dihydro derivatives 
which result from the reaction of hydrazine with 1,4-diketones 508 or by 
decarboxylation of carboxylic acids formed on oxidation of benzopyrida- 


Eldorfield el al., J. Org. Chem.. 12, 405 (1947). 
mi Leonard and Ruyle. ibid.. 13, 903 (1948). 

»oj Tomiaek and Chriatenscn. J. Am. Chem. Soc.. 70, 2423 (1948). 
»ot« Koblin el al.. ibid.. 67, 290 (1945). 

»oj* Kidder el al.. Science. 109, 511 (1949). 

ioi Korschun and Roll. Bull. eoc. chim. France. [4) 39, 1223 (1926). 
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zincs. Levulinic ester and hydrazine form 6-methyl-2-pyridazone. The 
ring is stable toward alkaline permanganate as is evidenced by oxida¬ 
tions of various derivatives to pyridazinecarboxylic acids. 

There are two benzopyridazines, cinnoline and phthalazine. 

CO 

Phlhalaune 

The cinnolines i09 are formed spontaneously from diazotized o-amino- 



Cinnoline 


CH, 



phenylethylenes, but this reaction is of limited utility. o-Aminocin- 
namic acid does not cyclize. Diazotized o-aminophenylpropiolic acid 6,0 
or acetophenones Ml - M * cyclize to 4-hydroxycinnolines. 


OH 


(^"jpC^CCOjH 


(Q««u 



0*H 


O a N 


—f^V-COCHj 

k^JL-N 2 ci 


( 80 %) 


0,N, 


10 * Leonard. Chan. Rat.. 37, 289 (1946). 

55°5 d w “1 Simpson. J. Chem. Soc.. 512 (1945). 
Schofield and Simpson, ibid.. 1170 (194S) 

Le0Mrd and nos’d- J- Or t . Chem.. U, 419 (1946). 
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Adaptations of the Skraup, Conrad-Limpach, and Niementowski 
quinoline syntheses fail to give cinnolines. 51 * Cinnolines oxidize to 
pyridazinedicarboxylic acids and reduce to 1,2-dihydro derivatives. 
Nitration of 4-hydroxycinnoline gives the 5-, 6-, and 8-mononitro-4- 
hydroxycinnolines. 614 

The phthalazines s,s are prepared from benzoylhydrazones of benzal- 




dehydes, or from hydrazine and tetrabromo-o-xylene or an o-diaroyl- 
benzene. On oxidation phthalazine is converted to 4,5-pyridazinedi- 
carboxylic acid, and on reduction to tetrahydrophthalazine. o-Phthal- 
aldehyde reacts with phenylhydrazine to form 2-phenylphthalazinium 
chloride (A). Phthalaldehydic acid, or in general o-acylbenzoic acids, 
with hydrazine forms phthalazone ( B ). 3-Nitrophthalic acid and 
hydrazine form 5-nitro-2,3-dihydro-1,4-phthalazinedione (C).‘ ,6a The 



nitrophthalazincdione can be reduced with sodium hydrosulfite to 
the corresponding amino compound. This amino derivative is known 
as luminol because it displays such a remarkable chemiluminescence. 
The luminescence is observed when an alkaline solution is treated with 
an oxidizing agent, preferably dilute hydrogen peroxide. In the pres¬ 
ence of potassium ferricyanide 5,s< or hemoglobin as a catalyst a 
striking luminescence takes place. 


»u Leonard. Boyd, and Herbrandson. ibid.. 12, 47 (1947). 

*'* Simpson, J. Chan. Soc., 237 (1947). 

»>* Vaughan. Chan. Raa., 43. 447 (1948). 

»i&* Redcmann and Rcdcmann. Org. Synthcse*. 29, 78 (1949). 
u»6 Rcdcmann and Redcmann. ibid.. 29, 8 (1949). 

Huntress. Stanley, and Parker. J. Chon. Education. 11. 142 OW*)- 

Drew and Pearman. J. Chan. Soc.. 586 (1937); Drew and Garwood, tbid.. 830 (1939). 
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PYRAZINES 


The signiflcant pyrazine derivatives are condensed systems such as 
the phenazines, flavins, and pteridines. Examples are aniline blacks, 
riboflavin, and folic acid. 



NH 


HOjCCHjCHiCHCOjH 

Folic acid* 1 * 

Syntheses. The simple pyrazine ring is formed in a wide variety of 
reactions, 6,9 a few of which will be discussed here. Perhaps the most 
general is the spontaneous condensation of a-arainocarbonyl compounds. 
The condensation is so easily effected that isolation of free a-aminocar- 
bonyl compounds from their acid salts is’not practical. A dihydropyra- 
zine is formed but is so readily oxidized, by mercuric or cupric salts or 
air, to the pyrazine that the pyrazine is usually isolated directly. Gen¬ 
erally methods which lead to a-aminocarbonyl compounds furnish 


RCO HjNCHR 

I + I 

RCHNHj OCR 


N 

✓ \ 

RC CHR 

I | 

RHC CR 

\ ✓ 

N 



E^! h ir c . ti0n T dUCt - Scveral such of synthetic 

utility are the reduction of oxmnno carbonyl compounds, the reaction 

p‘-Sidgwi'k. "Orgenic Chemistry ol Nitrogen." Oxford University Pres,. London (IMS). 

Hd \ Chim - Ada - 18. 69. 622. 1130 (1935). 

Mowat cl al., J. Am. Chcm. Soc.. 70. 14 (1948). 

Kroma and Spoerri. Chcm. Rat.. 40, 279 (1947). 
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of a-halo ketones with ammonia, and the hydrolysis of a-acylamino- 
ketones. Ethyl oximinoacetate reduced in the presence of ethyl aceto- 
acetate forms a pyrrole in the Knorr pyrrole synthesis, but in the ab¬ 
sence of ethyl acetoacetate 2,5-dimethyl-3,6-dicarbethoxypyrazine is 
formed 530 by self-condensation. 


CH 3 C0CC0 2 C 2 H* 

II 

NOH 


CH a C0CHC0 2 C 2 H 

I 


NH, 


1 


N 

/ S 

CH a C CC0 2 C 2 Hs 


C 2 H$0 2 CC 


\ ✓ 

N 


CCH, 


w-Chloro (or bromo) acetophenone reacts with ammonia to form 2,5- 
diphenylpyrazine. 

N 

CeHjCOCHjX + NH, (C.H.COCH.NH.l C,H ‘ 

N 



Using bromoacetaldehyde in this reaction, pyrazine is obtained in 16% 
yield. a-Acylaminoketones, available in excellent yields from the reac¬ 
tion of amino acids with acid anhydrides, are converted to pyrazines on 
hydrolysis. 3 * 3 

RCHCOCHa H , 0 

RCH(NH 2 )C0 2 H + (CHaC0) 2 0 — | 

NHCOCH, 101 


N 

R-if'^pCH, 
CHr-l!^ R 
N 


A useful variation of the arriinocarbonyl synthesis is the condensation 
of a 1,2-diamine with a 1,2-dicarbonyl compound. Benzil and ethyl- 
cnediamine form a dihydropyrazine which may be isolated or oxidized 
directly to 2,3-diphenylpyrazine, and amino acid amides react with 

N 

CeH»CO H 2 NCH, C.H 4 C CH 2 

I + I -* I I 

C«H*CO H 2 NCH 2 C«H*C CH a 

\ / 

N 


1 , 2 -dicarbonyl compounds to form 2-hydroxy pyrazines. 631 


RCO H,NCO 

I + I 

RCO H 2 NCHR 



M0 Adkins and Reeves. J. Am. Chem. Soc., 60, 132S (1938). 
«' Jones, ibid.. 71, 78 (1949). 
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A further variation of the aminocarbonyl-pyrazine synthesis is ob¬ 
served in the cyclization of a-amino acids to diketopiperazines on heat¬ 
ing. The enolic forms are stabilized as the O-benzyl ethers on reaction 


RCHNH 2 HOCO 

I + I 

OCOH HjNCHR 


H 


N 

N 

/ 

\ 

/ % 

RHC 

CO 

RHC COH 

1 

1 

*=* 1 1 

oc 

CHR 

HOC CHR 

\ 

/ 

% / 


N N 

H 


of their silver salts with benzyl chloride. 

Syntheses of pyrazines by the reaction of polyhydroxy compounds 
with ammonium salts are noteworthy. From the reaction of glycerol 
with ammonium chloride and ammonium phosphate there is obtained 
5-10% of 2,5-dimethylpyrazine. In the absence of the chloride, a-pico- 
line is formed, probably from acrolein as an intermediate, in the previ¬ 
ously discussed pyridine synthesis. Acrolein, or perhaps pyruvic alde¬ 
hyde, may function as the intermediate in the pyrazine synthesis. 

Pyrazine itself is synthesized in 35-40% yield by the dehydrogenation 
of piperazine over copper-chromium oxide catalyst at elevated tempera¬ 
tures.” 3 

Reactions. Substitution reactions in the pyrazine ring would be 
expected to proceed under only the most drastic conditions. The 
electrophilic nature of the two nitrogen atoms serves to reduce the elec¬ 
tron density at all carbon atoms. Apparently the only known success- 

N N N N 

9 9 9 - 9 



a 


ul electrophilic type of substitution of a true pyrazine ring is halogena- 

“^-temperature, vapor-phase techniques similar to those used 

USed to prepare bromo Pyratme. 2-Bromo-&- 
amino-6-carbomethoxypyrazine has been prepared in 90 % yield by 

brom.nat.on. Sodara.de as a nucleophilic reagent might be expected to 

“ Kiirrer andI Grftnacher. Hd*. Chim. Ada, 7, 763 (1924). 

Duon. U. S. Pat. 2.400.398 (1946) [C. A., 40. 4748 (1946)]. 
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introduce an a-amino group with ease, but here also difficulty is en¬ 
countered and 35% of 3-amino-2,5-dimethylpyrazine is the maximum 
yield achieved and the reaction with pyrazine itself gives low conver¬ 
sions. 524 

Addition of hydrogen to the pyrazine nucleus is brought about by 
chemical or catalytic methods to produce the fully reduced piperazine 
ring. Piperazine, itself, is formed on deamination of ethylenediamine or 
diethylenetriamine. 525 The quaternary pyrazinium salts exist as tau¬ 
tomers similar to those observed in related heterocycles. The pyrazine 



ring offers resonance possibilities similar to those of related types, and 
observed stability toward acid, alkali, heat, and substitution reactions 
are indications of resonance stability. The ring is not particularly 
stable to permanganate, however. Pyrazine itself appears to be less 
stable to permanganate than pyridine. Alkylpyrazines are oxidized to 
carboxylic acids only in poor yield despite efforts to devise improved 
methods using various reagents and conditions. The exception to this 
is the oxidation of quinoxaline to pyrazine-2,3-dicarboxylic acid in 
good yield. 

Condensed ring systems are prepared from 1,2-diamino compounds. 
Thus, o-phenylenediamines react with 1,2-diketones to form quinoxa- 
lines, 525 which can be oxidized to 2,3-pyrazinedicarboxylic acid. M5a 
When alloxan is used as the diketone, an alloxazine is formed in a reac¬ 
tion often used in riboflavin synthesis. 517 



NH 2 


OCR 


\TW ^ 

NH * OCR 



N 

R Alkaline R- ^ ^j]— 

R KMn °« R—— 
N 


co 2 h 

co 2 h 


Slireve and Berg. J. Am. Chem. Soc.. 69. 2116 (1947). 
ia Martin and Martcll, ibid.. 70, 1817 (1948). 

Gilman and Broadbent. ibid.. 70. 2619 (1948). 

Joiner and Spoerri. ibid.. 63. 1929 (1941); Jones and McLaughlin. Org. Sunlbeau, 
30. 86 (1950). 
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The alloxazines are converted to aminoquinoxalines by heating with 
sulfuric acid. 527 Sulfaquinoxalines are among the effective sulfa drugs. 
With a 4,5-diaminopyrimidine, pteridines 575 are formed on reaction 
either with diketones or a-halo ketones. The latter reaction has been 
used in the synthesis of folic acid. 575 




Phenazines, phenoxazines, phenothiazines. The pheuazines arc formed 
from o-phenylenediamines on heating with o-quinones or with catechol. 




ui ^°» f ' ® nd Stov « I «. J- Am. Chem. Soc.. 70, 2572 U94S) 

Gatos, Chem. Reza.. 41, 63 (1947). 

Hultquiat el al., J. Am. Chem. Soc.. 70, 23 (1948). 
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The phenazine heterocycle is found in some important dye types. The 
phenazincs are closely related to the phenoxazines which are formed from 
o-aminophenol 430 and the phenothiazines which are formed from o-amino- 
thiophenol and catechol. These three heterocyclic systems are also 


10 

H 



formed on cyclization of diphenylamine and its derivatives. Phenazine 
is prepared by distillation of a mixture of 2-amino- and 2-nitrodiphcnyl- 
amine with sodium acetate. Ul Phenothiazine, a very useful anthelmin¬ 
thic and insecticide , 4 ”- m is prepared by fusion of diphenylamine with 
sulfur.” 4 1-Nitrophenoxazine is prepared from 2,6-dinitro-2-hydroxy- 
diphenylamine on warming with dilute aqueous sodium hydroxide.” 4 


H H 



HO NO, 


The oxidation-reduction characteristics of these heterocycles are 
unusual. Phenazine is readily reduced by ammonium sulfide to its 
9 , 10 -dihydro derivative, from which it is readily re-formed on oxida- 

Kehrmann. Ann.. 322. 9 (1902). 

Kehrmann and Havas. Ber., 46, 342 (1913). 

« Roark. Chem. Eng. Nnc». 22. 14W (1944). 

»»»Smith. Ind. Eng. Chem., 34. 499 (1W2). 

Kehrmann and Dardel. Ber., 66, 2348 (1922). 

Ullmann, Ann., 366, 80 (1909). 
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tion. Highly colored quinhydrone-like compounds are intermediates. 
Phenoxazine and phenothiazine are oxidized by hydrogen peroxide, 
ferric chloride, or bromine to unstable phenoxazonium and phenazo- 
thionium salts, which have been isolated as explosive perchlorates. 


H 



CI0 4 

Pliciioiaioniuni |*rcliloratc 


These onium compounds are characterized by the ease with which they 
undergo nucleophilic substitution in the 3-position. By the action of 
alcoholic ammonia or boiling water these salts are converted to 3-imino- 
or 3-keto derivatives such as 3-phenothiazime or 3-phenoxazonc. The 
p-quinoid structure is preferred on the basis of absorption spcctro- 



Piirnouton? 


metric studies," 6 but the cations undoubtedly exist as resonance hy¬ 
brids. Phenylphenazinium salts are also converted to 3-imino deriva¬ 
tives on treatment with ammonia. The formation of these derivatives 
probably proceeds by nucleophilic substitution at the 3-position. 
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These p-quinoid structures occur in aniline black, tolusafranine, 
methylene blue, and the sulfur dyes, which are important representatives 
of many known dyes of this structure. Aniline black is formed by oxida¬ 
tion of aniline-impregnated cloth in the presence of copper or vanadium 
salts. The structure is not known with certainty, but it is probably a 
polymeric aposafranine. s, ‘ 



Tolusafranine, a useful pink dye, is obtained by oxidation of a mix¬ 
ture ot aniline, o-toluidinc, and p-tolylenediamine; and Perkin's mauve, 



CHa 
NHR Cl 


Mauve iR - p-CII|C«ll«-) 


having a similar structure, is obtained by oxidation of a mixture of 
aniline and o- and p-toluidines with dichromate. The parent safranine, 
which has two unsubstituted amino groups and no methyl substituents, 
is formed on oxidation of a mixture of p-phenylenediaminc and aniline 
and can be deaminated through decomposition of its diazonium salt to 
aposafraninc. 

Methylene blue, widely used as a biological stain, is formed on oxida¬ 
tion of a mixture of p-diraethylaminoaniline and dimcthylaniline in the 
presence of hydrogen sulfide. 
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Sulfur dyes U7 are manufactured in tremendous quantities by fusing 
various amino- and nitrophenols with sulfur. Sulfur Black T, from 
2,4-dinitrophenol and sulfur, is a remarkably fast, substantive cotton 
dye. These dyes, although insoluble in acid and alkali, dissolve in 
sodium polysulfide and are precipitated by air. This behavior permits 
use in vat-dyeing techniques. Although structural data arc scanty, it 
appears that these dyes consist of phenothiazine units in a chain similar 
to the aniline black structure. 

Indanthrene, which has a pyrazinc ring, is manufactured by fusion of 
0-aminoanthraquinone with alkali under oxidizing conditions. The 
compound, and its halogen derivatives, is a brilliant blue and is used as 
a vat dye. It is readily oxidized from the dihvdro to azine structure. 


O 



SIX-MEMBERED HETEROCYCLES WITH MORE 
THAN TWO HETEROATOMS 

Of the various triazines, oxadiazines, and tetr&xines which are known 
only the 1,3 5-triazincs and 1,2,4,5-tetrazines have been investigated to 
the extent which justifies discussion here. 

1,3,6-Triazines. This ring system is of considerable significance 
because a variety of cyano compounds trimerize to give various substi¬ 
tuted types. The general reaction is shown. Examples are the conver¬ 



sion of phenyl cyanide to 2,3,G-triphenyltriazine, known as cyaphenine- 

s 2 ' 3 3 tr«; y fr‘™T- kn ™ - ■*■»" “5 zz 

gen “Slides to 2,3,6-tnhalotnasme, known as cyanuric halides; and di- 

m Jonoa, Chem. Rets., 36, 291 (1945). 
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cyandiamide to 2,3,6-triaminotriazine, known as melamine. Usually 
acid reagents are used in these conversions, but heat alone suffices to 
convert dicyandiamide to melamine. Cyanic acid is converted spon¬ 
taneously to cyanuric acid. A number of replacement reactions of these 
compounds are known. Phosphorus pentahalides convert cyanuric 
acid to the trihalotriazine, which is hydrolyzed by water to cyanuric 
acid. Ammonia or amines can be used to replace the chlorines of cyanu¬ 
ric chloride. The usual tautomeric possibilities are encountered in these 
compounds. Both O- and N-alkyl derivatives of cyanuric acid are 
known. Melamine is of considerable technical interest and is used in 
the manufacture of polymers by condensation with formaldehyde. 

Completely reduced 1,3,5-triazine rings are formed by trimerization 
of SchifT’s bases. Derivatives of formaldehyde are invariably trimerized. 
Common examples are methyleneaniline, raethyleneaminoacetonitrile, 
and hexamethylenetetramine. The last is formed from ammonia and 
formaldehyde and is an article of considerable commercial interest. It is 
used as a pharmaceutical and in the manufacture of the powerful explo¬ 
sive known as RDX or hexogen.”** M,a The conventional synthesis of 
RDX from hexamethylenetetramine involves reaction with nitric acid. 


+ 4HNO, 


RDX is also formed from formaldehyde, ammonium nitrate, and acetic 
anhydride. 

3CH 2 0 + 3NH 4 NO* + G(CH,C0) 2 0 — (CH 2 NN0 2 ) a + ISCH 1 CO 1 H 

The process used extensively for the manufacture of RDX during 
World War II is a combination of these two processes. 

(CH*) e N 4 + 4HN0 3 + 2NH«NO, + C(CH 3 C0 2 ) 2 0 — 

2(CHjNNOj)a -f 12CH,CO*H 

RDX was manufactured at the rate of 360 tons per day in the United 
States during World War II. Its value as an explosive lies in the fact 
that it represents an improvement of the order of 50% over TNT in 

u» Noyes. "Science in World War II. Chemistry.” Little. Brown and Co.. Boston (1948). 
pp. 35-41, 88. 92. 

ms* See p. 983 in Vol. IV of this Treatise. 
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power and brisance. It is used as a mixture with TNT and beeswax, in 
which form it is less sensitive and can be cast. 

1,2,4,6-Tetrazines. 1,2,4,5-Tetrazines are characterized by their pro¬ 
nounced color and the ease with which oxidation-reduction transforma¬ 
tions to and from their dihydro forms take place. 1,2,4,5-Tetrazines 
are formed from their dihydro derivatives which are obtained (1) from 
hydrazine and nitriles and (2) from diazoacetic ester. The former reac¬ 
tion proceeds as shown. 3,6-Dimethyl-l,2,4,5-tetrazinc from acetoni- 


RCN + NHsNHi 



trilc is a blue-red solid, and 3,6-diphenyl-1,2,4,5-tetrazine from benzo- 
nitrile is a red solid. The diazoacetic ester synthesis involves a dimeriza¬ 
tion under the influence of concentrated potassium hydroxide. An 
intermediate 1,6-dihydro product, known as pseudodiazoacetic acid, is 
isolated with cold, concentrated potassium hydroxide. This may be 
converted by warm, concentrated potassium hydroxide to the 1,2-dihy- 
dro acid known as 6is-diazoacctic acid. The last is also formed directly 
with the warm reagent. The pseudo acid is known only as its potassium 


Cold 


K 

N /H 

NjCHCO^jH. ^ ‘IT V COlK 

N 

Pwudodiaio- 
aealic acid 


H 

N 


KOH 


HN^ 

HOiC—l^ N 
N 

6i*-Diato- 
acttic acid 


—C0 2 1I 


salt. Either acid is oxidised by nitrous acid or bromine to 1,2,4,5- 
tetrazine-2,G-dicarboxyhc acid, a carmine-red solid. This acid on heat- 
mg is decarboxylated to the parent 1,2,4,5-tetrazine, a purple-red solid. 


H 

HI f HONO 

HOaCM^N * 


^V c °* h 

hoiC-U^^n 

N 



Hydrogen sulfide reduces 1,2,4,5-tetrazine to its dihydro derivative 
from which ,t is reformed by oxidation. The dihydrotctrazines are 
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converted to 4-umino-l,2,4-triazolcs on warming with concentrated acid 
and are readily hydrolyzed by dilute acid with complete degradation of 
the ring. 1,2,4,5- retrazine-2,3-dicarboxylic acid also undergoes ring 
cleavage when warmed with water. 


CONCLUSION 

The organization of this discussion of heterocyclic chemistry on the 
basis of syntheses; substitution, addition, and cleavage reactions; and 
structural data provides an orderly and comprehensive way to collect 
and analyze the available information. This approach, however, is not 
the only way to coordinate data on the heterocycles, nor is it without 
disadvantages. It is the purpose of this conclusion to discuss briefly 
a few of these alternatives and limitations. 

One large section of the synthetic data can be organized in terms of 
the heterocyclization of 1,4-dicarbonyl compounds and their nitrogen 
analogs. These compounds can be dehydrated to produce an oxygen- 
containing heterocvcle, reacted with ammonia to produce a nitrogen 
heterocycle, or treated with phosphorus sulfides to form a sulfur-con¬ 
taining heterocycle. Not only can carbon atoms Ik* united by the new 
heteroatom, but also a carbon-nitrogen or even two nitrogen atoms can 
be united. Reaction possibilities are listed in Table XII. If R is hy¬ 
droxyl oftentimes a keto heterocycle is formed Some notable excep¬ 
tions to the reaction in general are the absence of imidazole, isothiazole, 
and thiadiazolc syntheses. Also it may be noted that a similar correla¬ 
tion among the six-membered heterocycles where few important syn¬ 
theses are of this type is much less comprehensive. The reaction is 
often written as dehydration of a 1,4-dienol, but few data are available 
to support this assumption and some of the information on the mecha¬ 
nism of thiophene formation ,2 ‘ indicates an intramolecular addition fol¬ 
lowed by elimination. 

Some of the reactions of substituted heterocycles can be generalized 
by reference to structural units found in many different ring systems. 
The position of substituents such as methyl, carboxyl, chloro, hydroxyl, 
and amino with respect to a carbon-nitrogen double bond in the ring 
often characterizes reactions of these substituents. Attached as in the 
3-position of pyridine, these groups have properties of benzenoid com¬ 
pounds. The halogens are unreactivc; the hydroxyls are enolic; and 
the amines undergo normal diazotization. In positions corresponding 
to the 2-position of pyridine, —C’X=N—, the methyl and halogen 
groups are activated, the carboxylic acids are easily decarboxylated, 
and the hydroxy compounds tautomerize to pyridone-like structures. 
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Although such generalizations may be helpful, they must be applied 
with caution as many qualifications exist. The absorption data cited 
previously indicating a 2-hydroxy-6-keto structure for uracil is a strik¬ 
ing example. 

In many instances it is difficult to decide whether heterocyclic substi¬ 
tution reactions occur by direct electrophilic or nucleophilic substitu¬ 
tion or by an addition-elimination process. The available data for the 


TABLE XII 

11 r.TRROCYCl.lZ ATIONfi WITH 1,4-DlCAKBONYI. ANI» KkI.ATKI) CoM|-OUNI»S 

Compound Conditions Product 

(«) Two carbons linked by heteroatom 


RCOCH,CH 2 COR 

-H,0 

Furan 


NH, 

Pyrrole 


P*S 7 

Thiophene 

RCON HCHjCOR 

-HjO 

Oxazole 


(NH,?) 

(Imidazole?) 


P*S t 

Thin zoic 

RCONHNHCOR 

“HjO 

1,3.4-Oxndinzolc 


NH, 

1,2,4-Trinzolo 


P* 

1,3,4-Tliiadimtok* 

Carbon and nitrogen linked by boleroatoni 


RCOCH 2 C(»NOH)R 

-HjO 

Isoxazole 


(P4S;?) 

(I*ot hi azoic?) 

RCOCHiC(-NNH 5 )R 

-11,0 

Pyrnzolc 

UCONHC(^NOH)R 

-HjO 

1,2,4-Oxadiazolc 


(P«Sj?) 

(1,2,4-Thiadiazole?) 

RCONHC(=NNH a )R 

-H*0 

1,2,4-Trinzolo 

Two nitrogens linked by hetoroatom 


RC(-=NOH)C(=»NOH)R 

-11,0 

1,2,5-Oxadiuzole 

RC(-NNIIR)C(=NNHR)R 

— RNH, 

1,2,3-Triazole 


individual heterocyclcs-nnd this is particularly true of furnn-do not 
provide a definitive answer to the question. The data for the bromina- 
tion of phenanthrene “'show that an addition compound, even though 

ntermcdT 'T ° f indcpend,,n < -^'ence, is not a necessary 
intermediate m the substitution reaction. In the absence of contra- 

dictory evidence, the conclusion to be drawn from the phenanthrene 

Evln nC tho “ S 1 Cn , ex ( trapolatpd generally into the heterocyclic series 
Even though easily formed, it has been assumed that the addition 

“* S*® PP- 17ft -»82 in Vol. I Of this Treatise. 
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product is not a necessary precursor of the substitution product. For 
the present the correlative possibilities offered by this approach appear 
to be of sufficient value to justify the assumption. 
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INTRODUCTION 

Starch is one of the most important and most universally distributed 
polysaccharides in higher plants. It constitutes the chief source of 
carbohydrate in human nutrition and has many important industrial 
uses. It exists in green leaves as a transitory product which is usually 
formed when soluble sugars produced through photosynthetic activity 
accumulate in excess of the plant’s requirements for energy production 
during metabolic processes. In living cells starch is subject to rapid 
conversion by enzymes into sugars and hexosephosphates, which take 
part in respiration. The amount of starch found in any tissue at any 
specific time is determined by the physiological activity of the tissue. 
Since the role of starch in plant economy is that of a reserve material, 
it must be transferred from the leaves and other green parts of the plant 
where it is formed to more permanent depots. To facilitate this migra¬ 
tion, it is broken down into sugars, which dissolve in the cell sap, in 
this way passing through the cell walls of the plant, finally to be recon¬ 
verted into starch. It is thus accumulated and becomes abundant 
especially in seeds, bulbs, and tubers. Some seeds or grains contain 
as much as 70% starch. The tubers and roots and the pithy stems 
of certain palms may contain 25% to 30% of starch. Only those 
starches obtained readily in high yield from plants that are cultivated 
in abundance (corn, potatoes, tapioca, wheat, sago, sweet potatoes, and 
rice) are of industrial importance. 

Viewed by the organic chemist, starch may be termed a natural high 
polymer, the building unit of which is an anhydride of D-glucosc. It is 
not a homogeneous substance of definite molecular weight, but rather 
consists of a mixture of substances having different structures and dif¬ 
ferent molecular weights. The relative proportions of the various con¬ 
stituents vary with the plant origin of starch. 

Ordinary air-dried starch contains a considerable amount of moisture, 
depending on its origin and the humidity of the air. Wheat starch, on 
the average, contains about 13% moisture, whereas potato starch con¬ 
tains about 18%. 

Because of the fact that the carbonyl groups of the great number of 
the glucose anhydride units (with the probable exception of one) that 
make up the large molecule are involved in glucosidic linkage, starch 
lacks the pronounced reducing power of the monosaccharides and reduc¬ 
ing oligosaccharides. The chief reactions of starch, like those of cellu¬ 
lose, are therefore based upon its hydroxyl groups. These react to form 
esters, ethers, and alkoxides. The alcohol groups are also oxidized by 
oxidizing agents, such as hydrogen peroxide, hypochlorous acid, an 
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bromine. Under conditions of mild oxidation with bromine some of the 
primary alcohol groups are oxidized to carboxylic groups. Treatment 
with bromine in acid solution also oxidizes the secondary alcohol groups 
to ketone groups. More drastic oxidation is preceded or accompanied 
by hydrolysis of the glucosidic linkages and also by rupture of the glu¬ 
cose chain with the production of dicarboxylic acids. In the formation 
of esters and ethers the starch molecule may be maintained more or less 
intact. 

Much of our knowledge pertaining to starch structure was obtained 
through the use of Haworth’s 1 methylation procedure, which is most 
suitable for determining the mode of linkage between the individual 
glucose anhydride units. The study of the products of enzymatic break¬ 
down with such enzymes as the a- and 0-amylases and phosphorylasc 
also contributed greatly toward the elucidation of starch structure. 


STARCH GRANULES 

Starch occurs in the plant cells as granules having characteristic 
striations. The stratified layers are visible particularly after the grains 
are swollen in hot water. It is possible that the number and arrangement 
of the striations are due to alternations in the deposition of layers during 
the day and night. In any event they are probably related to some 
rhythmic force or set of fluctuating conditions of botanical growth. The 
striations and the size and shape of the granules are more or less typical 
of many plant forms and may be used as a microscopic means of 
identifying the biological origin of starch (Fig. 1). The grains may be 
lens-shaped, aspherical, oval, or irregular in shape, and the length usually 
ranges from 0.002 to 0.15 mm. The spot on the granule called the hilum 
observed in some starches is considered to be the organic center or nucleus 
around which the concentric layers are laid down. Under the polarizing 
microscope, the granules have a characteristic birefringence, giving a 
“Maltese cross” interference pattern similar to that of spherocrystals 
of fatty acids, sterols, and other compounds. 

Intact starch grains are insoluble in cold water, but after the outer 
layers are broken by grinding or crushing, the material swells in water, 
forming a gel. Prolonged grinding apparently disrupts some of the 
glucosidic linkages in the starch molecule, as it is observed that the 
amount of material soluble in water and the reducing value progressively 
increase. 2 Starch granules swell to some extent when placed in cold 
water and shrink to their original size when dried. In hot water they 

' Haworth, ‘The Constitution of Sugars," Arnold and Co.. London (1929) 

Lampitt. Fuller, and Goldenberg. J. Soc. CKem. Jnd.. 60. 301 (1941). 




Fn; I Mirroi»liot«gnipli» »f starch granule* (X250>. a. potato; b. com; c, tapioca: 

Dr. M M. MacMaatcn*. Northern 
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swell to many times their original size and, when sufficiently heated, 
they burst, releasing an amount of starch material from the inner portion 
of the granule which goes into solution. When cooled, the viscous 
solutions form gels through “crystallization” of the dispersed ramified 
molecules which occlude much of the solvent. Besides water, reagents 
such as liquid ammonia, liquid hydrogen cyanide, and formic acid are 
excellent gelatinizing media for starch. On the other hand, sodium 
hydroxide and other bases serve as good dispersion media. This is 
attributed* to the preferential adsorption of alkalies on the hydroxyl 
groups of the starch, which brings about dissociation by neutralizing 
intermolecular attraction. 

In solution the starch macromolccule is held together only by primary 
valences. 4 There is some evidence indicating that the macromoleculcs 
themselves are associated by hydrogen bonds to form large particles or 
granules. 6 When heated with water the starch granules are ruptured, 
forming a paste, which can be reprccipitated either by treatment with 
alcohol or by allowing it to stand for several weeks. It has also been 
observed that the starch granule is disrupted by hot water and acids, 
agents known to affect hydrogen bond formation. The starch granule 
may be directly methylated to give a product having a molecular weight 
of approximately 500,000. However, when methylated, the starch does 
not reprecipitate. This is apparently due to the substitution of the 
hydroxyl groups by methyl groups, which prevent hydrogen bond 
formation. 

AMYLOSE AND AMYLOPECTIN 

It has long been recognized that starch can be separated into two 
fractions possessing different physical properties. These fractions were 
designated as amylose and amylopcctin by Maqucnne and Roux, 6 as 
0-amylose and a-amylose by A. Meyer. 7 The former authors’ nomen¬ 
clature is now commonly used. Maqucnne and Roux first observed 
that the amylose component is the one that is responsible for the pure 
blue color produced when starch is treated with iodine and that this 
component has the property of undergoing condensation resulting in the 
deposition of particles in solution; the “amylopectin” portion of the 

a School), Cereal Chem., 18. 121 (1941). 

4 Staudingor and Eilcrs. Der.. 69. 819 (1930). 

» Bawn, Hirst, and Young. Trans. Faraday Soe.. 36. 8S0 (1940). 

•Maqucnne and Roux. Compt. rend., 140. 1303 (1905): Maqucnne. ibid., 146. M- 
(1908): 142, 95 (1900); Hull. soe. ehim. France. 33, 723 (1905). 

7 Meyer, * , Unten*uchuiigen Qbcr die St5rkclc««rner. Wescn und Let>cnsgeschichto <lor 
Stfirkckdrncr der hoheren Pflanxen." Verlag von Gustav Fischer. Jena (1895). p. 318. 
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starch granule is responsible for the formation of starch gels and is 
hydrolyzed by malt enzymes to dextrins. 

Various methods have been employed to separate the starch fractions. 
Gatin-Gruzewska 8 swelled starch in dilute sodium hydroxide; upon 
neutralization of the solution the amylopectin precipitated out. Ling 
and Nanji 9 separated the two fractions by freezing a starch paste and 
then thawing. Samec and Mayer 10 autoclaved starch paste and then 
electrodialyzed it. The amylopectin (erythroamylosc) migrated anil 
precipitated at the anode, the amylose (amyloamylosc) remaining in 
solution. However, no sharp separation could be effected between the 
two starch fractions by these methods, and their proportion greatly 
varied depending on the method of separation used. Different workers 
reported the amylose fraction of starch to vary from 17% to 60%. It 
now appears that the fractions designated as amylose and amylopectin 
by different workers were not always the same. K. H. Meyer and 
co-workers 11 and Hess and Krajnc 15 were the first to recognize that, 
besides having different physical properties, the amylose and amylo¬ 
pectin starch components also differ in their chemical constitutions. 

As will be shown later, the chief distinguishing chemical difference lies 
in the fact that amylose consists of unbranched chains of glucose residues 
joined only through a-glucosidic-1,4-linkages, whereas the amylopectin 
is a highly branched molecule which contains, in addition to 1,4-linkages, 
a-glucosidic-l,6-linkagcs, at the points of branching. Meyer et al. a 
separated the amylose by heating starch grains in water at 60° to 80° 
and leaching. At that temperature the grains are not ruptured, but 
the crude amylose diffuses out and can be separated from the swollen 
grains by settling or centrifuging. Since the amylose can be leached 
out from starch with warm water, its solubility in the starch granule is 
initially greater than that of amylopectin. However, after the dissolved 
amylose has been precipitated and dried, it is less soluble than the 
amylopectin. The small amount of amylose that redissolves (less than 
1%) readily “retrogrades” from solution in the form of small particles. 

T. J. Schoch’s 14 observation that butanol can be used as a selective 
precipitant for amylose proved to be an important contribution to the 
problem of separating the two starch fractions. When a 2% to 3% 


• Gatin-Gruxownka. Compt. rtrul.. 146. 640 (1908). 

* Ling and Nanji, J. Chtm. Soc., 123. 2666 (1923). 

,# Samoc and Mayer. Kolloidchem. Beihtfit, 13, 272 (1921) 

- ttJSXZSt CWm “• 865 (,940 >- 

nd ’- ^ 845 <“•»» ***•• IW«.d, 

"Schoch, J. Am. Chm. Soc.. 64, 2957 (1942). 
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starch solution saturated with butyl ah-ohol is autoclaved and cooled, 
amylose precipitates in the form of six-leaved rosettes (Fig. 2a) or 
microscopic needles which can he separated by centrifuging. The 
amylopectin is obtained from the mother liquors as an amorphous prod¬ 
uct by precipitation with ethanol. Applying the butanol precipitation 
method to a hot-water extract of starch. Kerr and Severson ,s obtained 



Kin. 2a. Schorli’s amylose (butanol precipitated fraction of potato starch, stained 
with iodine; X2.")Oi;6. Kerr's crystalline corn amylose (X 100). (('ourtesy of l)rs. T. .1. 
Srhoch and R. \V. Kerr, of the Corn Product* Refining; Company.) 


what appeared to be single crystals of amylose (Fig. 26). < )ther alcohols, 
such as ft-amyl alcohol,“ hexyl alcohol, 2 -ethyl- 1 -butanol, and lauryl 
alcohol, may be used in place of butyl alcohol. 16 Some polar substances, 
chiefly thymol and certain fatty acids, will also precipitate amylose. 1 ' 
The starch fractions separated through butanol precipitation appear to 
correspond well with I\. H. Meyer’s amylose and amylopectin obtained 
by hot-water extraction. 


i* Kerr and Severson, ibid.. 65. 193 (1943). 

.* Schoch. Adtanct* in Carbohydrate Chrm.. 1. 247 (1945). Schorl, finds that I entail 
which is a commercial mixture of various amyl alcohols, is more effective as a 'i»r 
fractionating agent than any of its component* alone. / 4m 

»» Haworth. Peat, and Sagrott. Xaturr. 167. 19 (19U.): Schoch and Uit£ 
chem to,." 66. 1232 (1944): Bear. ibid.. 66. 2122 (1944): Ulustler and lldbert. tM.. 

1101 (1945). 
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The blue color of the starch-iodine complex is chiefly a property of 
the amylose fraction. When potato amylose is treated with an iodine- 
iodide solution and the blue color is examined with a photocolorimeter, 
it appears to be 6 times as blue as that of amylopectin. 1 * Pure amylo- 
pectin, when treated with iodine, looks red to purple to the naked eye. 

The fact that amylose is capable of forming an amylosc-iodinc com¬ 
plex, whereas amylopectin does not, was used by Bates, French, and 
Rundlc 19 as basis for a quantitative method for estimating the two 
fractions. Solutions of amylose and amylopectin are titrated potentio- 
metrically with iodine, and the iodine bound by complex formation is 
determined. The iodine activity, measured by the electromotive force 
of the cell (I 2 -Kl|Hg 2 CI 2 Hg), in the amylose solution remains fairly 
constant upon the addition of iodine until complex formation is complete, 
whereas there is a continual rise in the iodine activity when iodine is 
added to an amylopectin solution (Fig. 3, curves 4 and 2). Starches 


0.26 



ml. 0.001 N Kl| 

I*kj. 3. Iodine activity in amylose and amylopectin. Curve 1. 0.05 N KI; curve 2 
0.01 g. potato amylopectin; curve 3. 0.005 g. potato amylopectin + 0.005 g. corn’ 
amylose; curve 4. 0.01 g com amylose. 


containing both components behave similarly to amylose alone, except 
that the initial period of stationary potential is less than for pure 
amylose, and thus produces a break in the curve sooner (curve 3). The 
amount of iodine bound in the initial period is a function of the quantity 
of amylose present and may be calculated from the point of inflection 
in the curve. It was shown by this method that the amylose content 
of starches from different sources varies considerably and that some 
surches are entnely devoid of amylose. The percentage of amylose 
content of various starches was found to be as follows: tapioca 17 


" McCready and Hassid, ibid., 66, 1164 (1943). 

11 French, and Rundle. ibid., 66, 142 (1943). 
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It is generally assumed that pure amylose absorbs 20% of iodine, and 
this value is often used for calculating the percentage of amylose in 
whole starches. However, Schoch and associates 10 point out that, 
inasmuch as amylose is a mixture of polymers possessing different chain 
lengths differing in their iodine affinity, this assumption is not strictly 
correct.* By varying the source and method of fractionation, amyloses 
can be obtained with an iodine content ranging from 18.5% to 20.8%. 
Since no linear standard can be established which will apply equally to 
all amyloses, it is obvious that quantitative estimation of the linear 
fractions in starches from the amount of the iodine absorbed is only 
approximate. 

Starch solutions are physically unstable. When allowed to stand, 
the solutions gradually become more opaque and viscous, eventually 
resulting in the deposition of a solid phase. This phenomenon of spon¬ 
taneous formation of insoluble aggregates is known as “retrogradation” 
and is especially characteristic of the amylose component. The linear 
molecules presumably aggregate in parallel fashion through hydrogen 
bonding. When the resulting aggregate exceeds certain dimensions, it 
precipitates from solution. 

Another quantitative method for the estimation of the relative pro¬ 
portions of amylose and amylopcctin contents in mixtures depends on 
measurement of the absorption spectra of the complexes formed by the 
two components with iodine. 11 However, inasmuch as amylose-iodinc 
complexes from different plant sources vary in their molecular extinction 
coefficients, 21 this method also gives only approximate values for the 
percentages of the two starch components. 

There is evidence indicating that neither of the starch components, the 
unbranched amylose or the branched amylopcctin, is homogeneous. 1122 
Amylopcctin or its acetylated and methylated derivatives can be re¬ 
solved by fractional extraction with various solvents into fractions having 
different viscosities and, therefore, presumably having different molecu¬ 
lar weights. Amylopcctin of maize starch was thus found to be a mix¬ 
ture of polymers having molecular weights from 50,000 to 1,000,000. 1,,a 

Amylose is also a mixture of polymers of unbranched-chain molecules 
of varying lengths. Schoch and associates 20 demonstrated that the 
amylose (A fraction) can be subfractionated with cyclohexanol or octyl 


10 Lansky. Kooi. and Schoch. ibid.. 71, 40CC (1940). . . , . 

* Bates. Bundle, and French’s original work on this sub;cct (see ref. 19) indicates 
amyloses from different starch sources have slightly different potentials tor iodine co - 
plex formation. These differences they attribute to the difference in chain Ieng 
amylose from various sources. 

*' Baldwin. Bear, and Bundle, ibid.. 66. Ill 
n Moyer. Bernfeld. and Wolff. Htlv. Chim. Ada. 23, 854 (1940). 
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alcohol to a number of subfractions. These subfractions show a pro¬ 
gressive gradation in intrinsic viscosity,* reducing value, and retro- 
gradation time. The first subfraction with the highest intrinsic viscosity 
and the lowest terminal aldehyde content apparently consists of those 
molecules that have the longest chain lengths. The intrinsic viscosity 
in the subsequent subfractions decreases while the reducing value and 
the retrogradation period increase. In general, a very good correlation 
exists between the intrinsic viscosities, reducing values, and retrogra- 
dation time. This correlation is independent of the plant source of the 
starch subfraction. A correlation is also found to exist between intrinsic 
viscosities and the molecular weights of amylose; 23 the amylose with 
the highest viscosity possesses the largest molecular weight, and vice 
versa. A study of the correlation between the percentage yields of 
the successive subfractions and their intrinsic viscosities indicates that 
amylose consists of a continuous scries of homologous linear polymers 
rather than of a limited number of discrete components. 19 

Within certain limits, there exists an inverse relationship between 
the chain length and the length of time at which amylose subfractions 
retrograde from solution. Linear subfractions of equal intrinsic viscosity 
and reducing value retrograde with the same ease, regardless of their 
source. However, molecules with either very long or very short chains 
do not readily retrograde. The fact that tapioca amylose has a very 
low retrogradation tendency can thus be explained on the theory that 
its molecule is too long to permit ready orientation to an aggregate 
state. Maximum retrogradation occurs when the linear chains are 
reduced to a certain size. Below that level a reversal must occur as the 
linear fragments become too short to retrograde. This reversal is prob¬ 
ably due to the greater solubility of the shorter chains. 

The concept that the iodine affinity of a linear fraction bears a direct 
relationship to its chain length does not hold strictly. According to 
Schoch, 30 there is no correlation between the percentage of adsorbed 
iodine and intrinsic viscosity or reducing value of the various linear 
subfractions. The lack of correlation is explained by the assumption 
that certain starches probably contain a minor proportion of material 
intermediate between strictly linear and highly branched molecules. 
Corn starch is estimated to contain about 5% to 7% of this fraction. 

Analysis of a number of starches from a variety of plants shows that 
they contain between 17% and 34% of the linear component. 19 How- 


• Intrinsic viscosity |,| is defined as the limiting value of the viscosity increment 

SZSEZ by the coa “ n of ■*- * 

" Potlor and Hassid - J - Am- CW See.. 70. 3774 (1948). 
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ever, certain waxy * or glutinous varieties of maize, rice, sorghum, 
millet, and barley contain starch consisting entirely of branched poly¬ 
saccharide. 1 *- 54 These starches possess a chemical structure and physi¬ 
cal properties similar to those of amylopectin. Chinese waxy or gluti¬ 
nous rice has been known for about a century. 

On the other hand, it has been found that wrinkle-seeded peas of the 
garden variety contain an exceptionally high proportion of amylose. 
Examination of this starch shows a 60% to 70% content of the linear 
component.” 

Most values reported for the specific rotation of starch range between 
[a] D = 160° and 220°. This variation can be partially accounted for 
by the fact that starches from different plant sources vary somewhat in 
their rotation. However, the major cause for this variation probably 
lies in the inherent difficulty of measuring the rotation of undegraded 
starch because of the opacity of the solutions used. For this reason 
many workers measure the rotation of starch in dilute alkaline solutions, 
or calcium chloride solutions,” which are relatively clear. No great dif¬ 
ference is seen in specific rotations between amyloses and amylopeetins. 


THE CHEMICAL CONSTITUTION OF STARCH 


Starch, like cellulose, is made up entirely of D-glucose units, as shown 
by the fact that under suitable conditions of acid hydrolysis it can be 
quantitatively converted into glucose. In the commercial preparation 



of glucose from starch, a yield of more that 90% of the crystalline sugar 
is obtained. Using the methylation procedure, Haworth and his asso¬ 
ciates 1 successfully attacked the problem of ring structure of glucose 
and the manner in which the glucose is united to form starch. Hawortn 

• "Waxy” is a genetic term which applies to corn. When the endosperm of the 
of this plant is cut. it appear* smooth and opaque, resembling a hard » ax 
The term "glutinous" is used in connection with rice, millet, and sorghum. 

** Hixon and Sprague. Ind. Eng. Chern .. 34 959 (1942). Mae- 

» Nielsen and Gleason. Ind. Eng. CUm.. Anal. Ed.. 17. 131 (1945). HUbert an 

Masters J. DM. Chem.. 162. 229 (1946). 

*• Clendenning. Can. J. Research. 23B. 113 (1945). 



STARCH 


913 


and Hirst 1 established that glucose, the fundamental unit of the starch 
molecule, possesses the normal glucopyranosc form in which the first 
and fifth carbon atoms are joined through an oxygen atom to form an 
internal ring. As a result of these investigations, the starch molecule 
is now considered lo consist of a chain structure made up of a-gluco- 
pyranose units joined by glucosidic linkages through the first carbon 
atom (reducing group) and the fourth atom of the next glucose unit 
through the sharing of an oxygen atom (Fig. 4). The linkage between 
most pairs of hexosc units in starch is therefore the same as in the 
disaccharide maltose (Fig. 5a). 



Fig. 5. (a) Mallow. -t-lo-D-glucopyraiioQ-ll-D-glucopyRiiioM-. (6) Ollnl.iw. 
D-glucopynino*yl|-D-Kluco|>yruiiosc. 


In this connection it may be pointed out that cellulose also consists 
of glucopyranosc residues; but, as in the disaccharide ccllobiose, these 
monosaccharide residues are joined by 0-glucosidic linkages between the 
first an<1 fourth carbon atoms of the adjacent glucose units (Fig. 56). 
The only structural difference Iwtween maltose and cellobiose residues 
is the dissimilarity of configuration of the linkage between the glucose 
residues: the maltose linkage is of the a-type; that of ccllobiose is the 
0-type. This difference in configuration is similar to that which dis¬ 
tinguishes the a- and 0-stereoisomeric forms of the methylglucosides 
hen starch .s degraded with amylases a considerable quantity of 
maltose is formed. The question has often arisen whether the a-gluco- 
pyranosyl units are preformed in starch itself or produced by the hydro- 
lytic enzyme as the result of reversion synthesis from glucose. To 
H; '' C "» s ^est,on methylated starch was degraded under mild con¬ 
demns with acetyl brom.de m chloroform.” These chemical reagents 

atL k m'I. n haVe . n ° 3yn , the ! 1C aCtion on glucose - A partially methyl¬ 
ated maltose was obtained which on oxidation and further methvlation 

produced octamethyl maltobionate in considerable yield. The produc 

■on of a maltose derivative under these conditions define /sho^ 

that maltose ,s a constituent part of the starch chain, which consists 

of recurrent a-glucopyranose units linked in positions 1 and 4 

^ arrer an, l N&geli. Hd.z. Chim. Ada 4, 263 no?n- u. 

&c. 1342 (1931); abo sco Frcudenber* and Soff. ^ 






STARCH 


915 


is always the same, namely, between 4% and 5%. A similar proportion 
of 2,3-dimethylglucose is also found among the hydrolysis products of 
methylated starch.” The proportion of 4% to 5% of tetramethylglucosc 
corresponds to a terminated chain of twenty-four to thirty glucose units * 
having a molecular weight of about 5000. End-group determinations 
made on a number of starches from different plant sources (potato, 
wheat, canna, waxy maize, horse-chestnut, banana, and Golden Bantam 
maize) reveal that the number of glucose residues per end group does 
not vary more than approximately 20%, regardless of the biological 
source of starch.” However, determinations of molecular weights of 
various natural starches and amylopectins and their acetylated and 
methylated derivatives by physical methods such as by osmotic pressure, 
ultracentrifuge, and viscosity measurements show the starch molecule 
to have a much greater molecular weight than 5000. Depending on 
the method of preparation of the acetylated and methylated derivatives, 
values ranging between 20,000 and 6,000,000 were obtained by different 
investigators for the molecular weight of starch.* 0 -** The work of Stau- 
dinger and Husemann *' discusses the large discrepancy that exists be¬ 
tween the molecular weights of starch or its amylopectin fraction as 
obtained by the end-group assay method and by physical measure¬ 
ments. This discrepancy is accounted for by the assumption that the 
end-group assay method, showing a terminated chain of twenty to 
twenty-four glucose units • and having a molecular weight of about 
5000, discloses not the total molecular size but the chain length of the 
branches in a much larger starch molecule with a molecular weight as 
high as several million. 

Staudingcr and Eilers* demonstrated that the large molecules of 
starch exist as definite molecular entities rather than micelles composed 


ui.llT ( d il n io rg * nd BOPP ° 1 ' BeT " 7S * 609 <lW0,: Barkcr - Hint ‘ and YounRl Nalure ‘ 

* ThU , Ch “ n ,CnKth applics 10 who,e #Ureh * Sinc * mosl contain approximately 

0 % amylose with a negligible tetramethylglucose (end group) content, the chain length 

»7i°rrHawoKh ^H n l , r ia c belW0 * n twoQt r and twenty-four glucose units. 
ibiA M n£!T £* n ". r ' ' 1201 <1935): Howorth - Hirst, and Woolgar. 

tf* CKm ' S ° C - 1603 (1937): Hirst “ d Young, 
an a 95 r 1 ' ‘ 471 (I939 >; Hawk ”“- J °°«. Young, ibid.. 390 (1940); Hassid 

dM3), Brown. Halsall. Hirst, and Jones. J. Chem. Soc., 27 (1948). 

&c.. 7 ' C *^- ^ 1471 (l939,: /. Chem . 

7 °’ 1441 <1W7,; m 195 Om: Staudingcr. 

* Chain-length determination by the end-group assay method do** nn» ; n t 
Jon on whether every unit chain is exactly Z 0 1 0 len “not^r at whet 

° Staudingcr and Eilers. Ber.. 69, 819 (1936). 
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of small molecules held together by secondary valences, as hitherto 
believed by some investigators. They showed that the degree of poly¬ 
merization of starch could not be altered by conversion into its acetate 
or its methyl derivative. Neither could any change be observed when 
the starch was regenerated from the acetate. Measurements of molecu¬ 
lar size in several solvents gave comparable values for the original 
starch, the acctylated, the methylated, and the regenerated starch. If 
these were micelles formed through aggregation of numerous smaller 
molecules by secondary valences, their size should have been affected, 
because the forces holding the free polysaccharide together would he 
of a different magnitude from those combining the acetate or the meth¬ 
ylated derivative. 

There is some difference in opinion as to the manner in which the 
short chains or branches are combined to form the large starch mole¬ 
cule. Haworth and Hirst 10 “- 5 consider that these branches (repeating 
units), each consisting of approximately twenty-four glucose residues, 
are combined by “cross linkages" to form molecules of extremely large 
molecular weights. The starch chains are combined in such a way 
that the free reducing group of a glucose unit of one chain is gluco- 
sidically linked with the sixth hydroxyl group of a glucose unit in an 
adjacent chain, thus forming a “laminated" structure as shown in Fig. 7. 


CHj^OHj . 

'HOjCHj 

Fir,. 7. Haworth and Hirst’s diagrammatic formula for starch. Each chain (re¬ 
peating unit) contains approximately 25 glucose residues. 

Assumption of such cross linkages would explain the non-reducing prop¬ 
erties of starch and the presence of occasional glucose units with only 
two exposed hydroxyl groups, which would account for the dimcthy - 
glucose in methylated starch. Indeed, there is convincing evidence 
available to the effect that starch contains a certam proportton 
1,0-glucosidic linkages. Freudonberg =* showed that the dimethy Igluco. e 
fraction isolated from the hydrolysis products of methylated starch i. . 

13 Itnwortli, CVmWr* * ln.l.^y. 68 *17 OW»! Haworth. CW ^ 

(1940). 
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mixture of 2,3- and 2,6-dimethyIglucoscs. Since similar quantities of 

2.6- dimethylglucose are produced from 2,3,(Mrimethylghico.se under the 
same conditions as those employed for hydrolysis of methylated starch, 
there is good reason to believe that this dimethyl derivative is an 
artifact. When corrected for the 2,6-dimethylglucose, by subtracting 
the amount of dimethylglucose produced from a similar quantity of 

2.3.6- trimethylglucose which hafl been treated under identical condi¬ 
tions as the methylated starch sample, the amount of 2,3-dimcthyl- 
glucose is approximately equal to that of 2,3,4,6-tetramethylglucosc. 
This is consistent with the idea that starch contains one branching 
group for each end group. 

A more direct proof for the existence of 1,6-glucosidic linkages in 
starch was furnished by Montgomery, Weakley, and Hilbert. 34 By 
hydrolyzing waxy corn starch with a purified amylolytic enzyme pre¬ 
pared from Aspergillus oryzae and removing the fermentable sugars, 
these workers obtained a crystalline reducing disaccharide which proved 
to be 6(a-D-glucopyranosyl)-D-glucose (isomaltose). 

Although it has been proved that the preponderance of the side 
linkages are of the 1,6-variety, there is evidence indicating that a smull 
proportion of them involve either the second or third carbon atom.” 

It appears that regardless of the method of preparation of starch 
methyl derivatives, whether the starch is methylated by a drastic or a 
mild procedure, and irrespective of the molecular weight of the methyl¬ 
ated starch, the percentage of end group (tetramethylglucose) obtained 
on hydrolysis remains unchanged. 3 * The observed proportion of tetra¬ 
methylglucose, therefore, cannot be attributed to random hydrolysis of 
long unbranched chains of similarly united 1,4-linked residues during 
the preparation of the methyl derivatives from starch. If this were 
the case, the proportion of end group should vary depending on the 
method of preparation of the methylated starch and should increase 
as the molecular weight of the methylated starch decreases This 
however, is not the case. Hirst el believe that the link binding the 
branches is a normal covalent (primary valence) bond, inasmuch as the 
iatc of hydrolysis and the activation energy of this polysaccharide are 
comparable to those of hydrolysis of simple glucosides. The bond 
appears to be intermediate in strength between that of a furanose 
linkage (as m sucrose) and a pyranosc linkage (as in maltose). 


^Mootc^ry. W.aUey. and HUb-t. CW &... *. 2249 (m7); 1682 

“ Halsoll, Hirst. Jones, and Roudior, Nature 160 HQQ v » 

Soc. Japan. 17. 603 (.941) (C. A., 36. 5049 (i }*,,'M ^ <W 

(1941) [C. A.. 36. 5049 (1942)1. '' ° W 17 77 



918 


ORGANIC CHEMISTRY 


However, Swanson and Cori’s J$ results indicate that the a-1,6-linkages 
in amylopectin and glycogen are more resistant to acid hydrolysis than 
the a-1,4-linkages. In following the rate of hydrolysis of amylose, 
amylopectin, and maltose with 7.7 N hydrochloric acid, they obtained 
closely agreeing first-order constants for these substances over a wide 
range of hydrolysis, showing that the a-1,4-linkages have the same 
stability in linear as in branched polysaccharides. Glycogen and the 
limit dextrin prepared from it and from amylopectin by the action of 
0 -amylose were hydrolyzed at a slower rate, particularly towards the 
end of hydrolysis. This was attributed to the relatively large proportion 
of a-1,6-linkages present at the branching points. That this linkage 
is more resistant to acid than the a- 1 ,4-linkage was supported by the 
fact that bacterial dextran, a polysaccharide which is known to contain 
chiefly a- 1 , 6 -linkages, is hydrolyzed at a rate of 12 % of that of amylose. 
The contradictory results regarding the relative strengths of the 1,4- and 
1,6-linkages in methylated starch obtained by Hirst and Young” are 
difficult to explain. 

Although there is abundant proof to show that the branches in 
amylopectin are joined chiefly through 1 , 6 -glucosidic linkages, there 
is no experimental evidence to indicate that they are singly and uni¬ 
formly arranged in a manner depicted by Haworth and Hirst's "lami¬ 
nated” formula (Fig. 7). Meyer and Bemfeld 17 hold the view that 
branching in amylopectin is multiple rather than single, as visualized 
by Haworth and Hirst. This conception is based on methylation data 
as well as on the conclusion drawn from the manner in which starch 
is degraded by certain enzymes. The methylation end-group assay 
method shows that amylopectin branches are from twenty-five to twenty- 
eight glucose units in length. These branches are supposedly degraded 
by 0-amylase to maltose to the extent of 55%, leaving a residual dextrin 
I. At this point of degradation the branch points apparently offer an 
obstruction to further attack by this enzyme. This seems to indicate 
that the outside branches of amylopectin consist of fifteen to eighteen 
glucose units, whereas the inside parts of the chains, between branch 
positions, consist of nine units. After the action of 0 -amylase on starch 
ceases, residual dextrin I is attacked by a-glucosidase (yeast maltasc) 
but not by 0 -glucosidase (emulsin), with the production of glucose. 
The remaining substance (residual dextrin II) can be attacked again 
by 0 -amvlase, yielding maltose and a residual dextrin III. This con¬ 
cept of a ramified amylopectin structure is represented in Fig. 8 . 

*• Swanson and Cori. J. Biol. Chem.. 172. 797 (1948). 

* J Meyer and Bernfcld. Htlr. Chim. Ada. 23, 875 (1940). 
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Haworth et al. n maintain that the amylase degradation data on which 
Meyer’s multiple branching structure is based does not necessarily con¬ 
flict with the “laminated structure.” Assuming the laminated structure, 
a similar proportion of the same degradation products would be obtained. 



Fio. 8. Meyer’s schematic representation of the branched amylopcctin molecule, 
oooooooo, glucose residues; A, aldehydic end group;-. end of initial degra¬ 

dation by 0 -amylosc, yielding residual-dextrin I; (. limit of degradation produced by 

a-glucosidosc, giving dextrin II, hydrolyzable by 0-amylase;-, end of further 

attack of 0-amylase, yielding rcsidunl dextrin III. (From Meyer and Bcrnfield, 
Htlv. Chim. Ada, 23, 875 (1940). Courtesy of the publishers.) 

Still another concept of starch (also glycogen) structure, sometimes 
called the “comb” structure, was formulated by Staudinger and Huse- 
mann.* 1 They picture the molecule as consisting of a relatively short 
principal chain with numerous side chains attached to it by 1,6-, 1,3-, 
and 1,2-a-D-glucosidic linkages. The free non-reducing terminal glucose 
residues of these short chains are responsible for the tetramethylglucose 
obtained on hydrolysis of methylated starch. According to this view, 
the amount of tetramethylglucose constitutes the “end group” which 
Haworth and Hirst use to calculate the chain length of starch. However 
inasmuch as such a structure is incompatible with data obtained from 
hydrolysis experiments with /3-amylase, it is considered very unlikely. 

It appears that the precise manner in which the branches are com¬ 
bined to form amylopectin is a problem still to be decided. 

- iTO.SJwiST 1 Peat ‘ ^ 619 0943,: B °— • HaWOrth * Macoy. 
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Amylose. On methylation of amylose and separation of the methyl¬ 
ated sugars after complete hydrolysis, about 0.3% of tetramethylglucose 
(a quantity which is less than 10% of that produced by methylated 
amylopectin) is obtained. This amount of end group corresponds to 
an approximate chain length of 300 glucose units." ” Since it is difficult 
to estimate such small amounts of tetramethylglucose with any degree 
of accuracy, the value of 300 for the chain length of amylose is uncertain. 
Inasmuch as no significant amount of dimethylglucose can be detected 
from the hydrolysis products of the methylated amylose, the indication 
is that the chains are not branched, or that they are branched to only 
a very slight extent. End-group determination of various amyloses by 
the periodate oxidation method (see below) indicates a much longer 
chain length for amylose than that found by the methylation end-group 
assay method. Depending on the plant source of amylose, the chain 
length ranges from approximately 400 to 1000 glucose units. The 
amylose chains are not uniform in length but represent averages of 
mixtures of chains of various sizes. 

When amylopectin and unfractionated starch are subjected to the 
action of 0-amylase, enzymatic hydrolysis ceases when approximately 
55% and 60% of these materials, respectively, are converted into 
maltose. Amylose is completely degraded with this enzyme to mal¬ 
tose. 40 - 18 The difference in behavior of 0-amylase towards amylose and 
amylopectin is in accord with the view that amylose is an unbranchcd 
and amylopectin is a branched molecule. The action of the enzyme 
may be explained on the basis of the difference in constitution of the 
two fractions. It is assumed that 0-amylase attacks the non-reducing 
ends in the starch molecules, splitting off successive maltose fragments. 
Since branching in amylopectin occurs on the sixth carbon atom of 
some of the glucose units in the chains, these 1,6-linkages are probably 
responsible for stopping the hydrolysis at or near the points of branching. 
With amylose, which has an unbranched structure and therefore no 
such linkages, hydrolysis by 0-amylasc continues until the whole mole¬ 
cule is degraded to maltose. 

End-Group Determination of the Starch Components by Periodate 
Oxidation. This procedure is based on the observation 41 that, when 
methyl hexopyranosides arc attacked by periodate, the ring is disrupted 
with the elimination of the third carbon atom of the hexose as formic 
acid. Under controlled conditions disaccharides, such as maltose or 

»* Hassid and McCready. J. Am. Chrm. Soc.. 66. 1157 (1943). 

49 Samec and Waldschmidt-Leitz. Z. phynol. Chrm.. 203. 10 (1931); Hanes, ^cwlhy 
Utloeul 36. 189 (1937); Meyer. Bcrnfeld. and Press, ffclt. Chim. Ada. 23. 1405 (1940). 

41 Jackson and Hudson. J. Am. Chrm. Soc., 68, 378 (1936); 69, 994 (1937). 
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cellobiose, consisting of two 1,4-linkcd hexopyrunosc units, yield on 
periodate oxidation one mole of formic acid due to the non-reducing 
glucose unit and two more moles of this acid due to the reducing glucose 
residue. Since amylopectin consists of a large number of branched 
chains made up of 1,4-linked glucose units, the terminal glucose unit 
of each chain, like that in the non-reducing end of maltose, contains 
three hydroxyls on contiguous carbon atoms 2, 3, and 4, yielding one 
mole of formic acid on oxidation with periodate. Amylopectin contains 
very few reducing end groups in comparison with the non-reducing 
end groups. Theoretically, only one reducing glucose unit should be 
present in an undegraded amylopectin molecule (sec Fig. 8), and the 
formic acid produced from this reducing end group can thus be dis¬ 
regarded. A quantitative determination of the formic acid produced 
under controlled conditions by oxidation of amylopectin with periodate 
should serve as a measure of the average chain length of the branches. 42 

On oxidation with periodate of the long straight-chain amylosc mole¬ 
cule shown in Fig. 9, formic acid should be liberated from both ends, the 



+ HCHO 

Fio. 9. Formic acid produced by oxidation of amylosc with |»criodatc. 


non-rcducing glucose unit B producing one mole of formic acid and the 
reduemg glucose unit A at the other end giving rise to two moles of 
formic add and one mole of formaldehyde. A total of three moles of 
formic acid should be produced from one mole of amylosc. The appli- 
cation of this method to the determination of the average chain lengths 
m terms of glucose units of the two starch components from various 
plant sources leads to the results presented in Table I 

Except for a very small number of reducing end residues, the glucose 
, in starch can be oxidized with periodate to a polyaldehyde, which 
on hydrolysis, yields glyoxal and n-erythrose.« The glyoxal can be ob- 

Hirst. Jo „ M . 
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taincd in 90% yield as the 2,4-dinitrophenylhydrazine derivative. 44 
The D-crythrose, after oxidation with bromine, is identified as the 
crystalline brucine salt and as erythronic lactone. 43 The isolation of 
these products constitutes further proof that the course of the reaction 

TABLE I 

Chain Lengths of Amyloses and Amylopectins of Different 
Plant Sources Determined by Periodate Oxidation 



Number of 

Number of 


Glucose Residues 

Glucose Residues 


per Chain 

per End Group 

Plant 

Amylose 

Amylopectin 

Sago 

420 

22 

Corn 

490 

25 

Wheat 

540 

23 

Easter lily 

&40 

27 

Tapioca 

980 

23 

Potato 

980 

27 


is similar to that of the simpler hexopyranosides and that the 1,4-gluco- 
sidic linkages arc the chief bonds that unite the glucose residues in starch. 

MOLECULAR WEIGHT OF STARCH 

Information regarding the molecular weight of the two starch com¬ 
ponents amylose and amylopectin is inadequate. Inasmuch as most 
of the work dealing with this subject was done on whole, unfractionated, 
partially degraded starches, the molecular weights found in the older 
literature are invariably too low. The difficulty is that amylose readily 
retrogrades from water solution and amylopectin forms a highly colloidal 
solution. For this reason molecular-weight determination of these sub¬ 
stances cannot be made in water solution, and, therefore, it is necessary 
to use the acetylated or methylated derivatives which are soluble in 
organic solvents. Another difficulty is that, during the process of 
acetylation of starch with acetic anhydride in the presence of pyridine, 
some degradation of the molecule occurs owing to the elevated tempera¬ 
ture. Similarly, partial degradation of starch occurs during the process 
of methylation. In preparing starch derivatives for moleculur-weight 
study, special care should be taken to employ the mildest possible con¬ 
ditions, so as not to degrade the product. Whereas the previous maxi¬ 
mum values for the molecular weight of starch given in the literature 
arc not greater than 500,000, some more recent determinations show 

44 Grouguard, Gladding, and Purvcs. Paper Trade J.. 115, No. 7. 41 (1942). 
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the molecular weight of amylopectin to be as high as or higher than 
6,000,000. The molecular weight of amylose is found to be approxi¬ 
mately 150,000. 

The chief methods used for the determination of molecular weights of 
starches and their derivatives are osmotic pressure, viscosity, and ultra¬ 
centrifuge measurements. 

Osmotic-Pressure Method. Samec 45 using osmotic-pressure measure¬ 
ments obtained a molecular weight of 200,000 for amylose. Meyer 13 
using this method obtained molecular weights ranging between 10,000 
and 60,000 for amylose, and between 50,000 and 1,000,000 for amylo¬ 
pectin. 

Potter and Hassid 51 employed the same method and determined the 
molecular weights of the acetylated amylose and amylopectin com¬ 
ponents of a number of starches from different plant sources. In deter¬ 
mining the molecular weight M, the equation M - RT/(k/C) c -o> where 
n * osmotic pressure in grams per cm" 2 , and C - concentration in 
grams per liter, was used. For the extrapolation to infinite dilution, 
the osmotic pressure was measured for each acetylated starch fraction 
at several different concentrations and jr/C was plotted vs. C", where 
n - 1.39 for acetylated amylose and n = 2.25 for acetylated amylo¬ 
pectin. Using these exponents straight lines are obtained, thus making 
it possible to determine the intercept of the ordinate which gives the 
osmotic pressure at infinite dilution 4 ‘ with greater accuracy. The molec¬ 
ular weights of the amyloses (after conversion from the acctyluted com¬ 
pounds) ranged from 100,000 to 210,000; the amylopectin ranged from 
approximately 1,000,000 to 6 , 000 , 000 . 

Viscosity Measurements. According to Staudinger 47 the following 
empirical relation exists between the molecular weights of certain linear 
polymers and the viscosity of their dilute solutions 


Vi* 1)r ~ 1 

C c 


(D.P .)(K m ) 


m which ,, is the relative viscosity of a dispersion of a polymeric material 

r .1 I'" 0 '' divided by that of thc solvent); C. the concen¬ 

tration of the solute m grams per liter; the specific viscosity, or the 

ZZV f n r l allVC v,sc , os,t >' i due to ‘he solute; K m , the proportionality 

DPtherllnl TaT P ° ymCr - hOm0logOUS scri <* ^ a given solvent; 
D.P., the calculated degree of polymerisation in the polymeric material. 

“ Samec. Z phynoL CW. 263. 17 (1W0); KoUoid-BcxWtc 61 359 OMA 
McGrar-HlU^ook'co.' Nt»T , Yorlc'^ 1 ^ 23 ^ , p n 235 ,e ^ rte Energy of Chemical Substancos.” 
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The constant K m is determined by some independent weight measure¬ 
ment, such as by the osmotic-pressure method. 

Using osmotic-pressure measurements, Staudinger and Huseraann 48 
found the average value of K m for a series of acid degraded starches to 
be 0.03 X 10 4 . Mullen and Pacsu, 4 * employing the constant K m = 
0.7 X lO - " 1 , determined the molecular weights of esters of unfractionated 
starch by viscosimetric measurements. Their data showed that the 
molecular weights for triacetates of starches from a number of sources 
varied from 490,000 to 540,000. These values range between 220,000 
and 300,000 for the corresponding deacetvlated starches. Since the vis¬ 
cosity method is applicable only to homogeneous linear polymers, and 
inasmuch as the materials employed were unfractionated starches con¬ 
sisting chiefly of branched polymers, Mullen and Pacsu do not claim 
these values to represent the true molecular weights. 

Krnemer 50 found that a more exact correlation exists between the 
viscosity and degree of polymerization when “intrinsic viscosity” is 
substituted for “specific viscosity” in the Staudinger equation. He 
modified the equation for calculating the degree of polymerization of 
polymeric materials as follows. 

D P' - KM 


In this equation (>?) represents the intrinsic viscosity, defined as the 
limiting value of the viscosity increment (»j f - 1), or the equivalent 
term, rj ip , divided by the concentration of the solute (expressed in grams 
per 100 ml.) as C approaches zero. 

As with osmotic pressure and ultracentrifugal measurements, the vis¬ 
cosity of dispersions of the starch materials or their derivatives must he 
determined at high dilution. The usual practice is to obtain several 
viscosities at different ri, p/c concentrations and plot the tj ip/ c or In i),/c 
values against the concentration C. The value obtained at zero con¬ 
centration represents the intrinsic viscosity, (*?). The degree of poly¬ 
merization is then calculated from the intrinsic viscosity-molecular 

weight relationship obtained for the polymer. 

Flory used a more general equation, 


C#L, - “ - 


which is in closer conformity with experimental data. In this equation a 
is a constant with values between 0.5 and I. an.l AT is the molecular 


‘•Staudinger and Huscinann. Her.. 71, 105« (193ft). 

» Million and Pacsu. Ind. Eng. Ckem.. 34. 1209 (1942). 

» Kraemor. ibid.. 30. 1200 (1938): Kracmcr and Lansing. J. Phy. ( hem.. 39. 153 U** 



STARCH 


925 


weight. Both constants, K and a, must be determined empirically from 
the graph of [ij] plotted against M obtained from molecularly homoge¬ 
neous samples. 

In determining the degree of polymerization of heterogeneous polymers 
different experimental methods do not always give the same average 
molecular weight . 11 Osmotic-pressure measurements give the “number 
average,” whereas ultracentrifuge data reflect the “weight average,” 
degree of polymerization. According to Flory 15 intrinsic viscosity meas¬ 
urements give a “viscosity average” molecular weight, which is equal 
to the “weight average” only when a in the equation ( 17 ) = KM a is I. 
When 0 < a < 1 the “viscosity average” degree of polymerization rep¬ 
resents an intermediate value between the “number average" and the 
“weight average.” 

Working with unfractionated amyloses, the molecular weights of which 
were determined by various methods, e.g., osmotic-pressure measure¬ 
ments, alkali numbers, end-group assay and reducing values, Foster and 
Hixon u obtained the following intrinsic viscosity-molecular weight re¬ 
lationship: (* 7 ] = KM IS . 

In order to determine the relationship between intrinsic viscosity and 
the molecular weight of amyloses obtained by osmotic-pressure measure¬ 
ments, Potter and Hassid M plotted the intrinsic viscosities against the 
degree of polymerization of six potato amylose subfractions, which are 
known to be strictly linear polymers (Fig. 10). A straight line passing 
through the origin was obtained, indicating that the molecular sizes in 
the poly disperse subfractions are probably equally distributed. From 
the slope of this line the relationship of the intrinsic viscosity to the 
molecular weight was found to be fo] = 0.001G6 D.P., where [*] is the 
intrinsic viscosity and D.P. is the degree of polymerization in glucose 


h Fig 10 are also plotted corn amylose subfractions which either 
are slightly branched themselves or contain a small proportion of 

T u C T insic VisCOsity of such n '°leculcs would be 
expected to be lower than that of linear molecules of similar size. This 

expectation is confirmed by the fact that all the points from these 
subfractions he below the line. 

When the data obtained from unfractionated amyloses of various 

below the'hm* *TV P ! 0tted ’ P** were located both above and 
the line. This is apparently due to the fact that these materials 

p. Hr°' " Th ° Ch0m “' ry ° f Hi ‘ h tnlorscience Publisher,. New York (.948,. 

“ f? 0 ^’ J - Am Soc.. 66 . 372 (1943). 

Foster and Hixon. ibid., 66. 667 (1944). 

Potter and Hassid, ibid., 73, 693 (1961). 
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are non-homogencous and the further fact that they may contain some 
branched material. From the intrinsic viscosity measurements of the 
a my loses and the intrinsic viscosity-molecular weight relationship, their 



Degree of polymerization 

Fio. 10. Intrinsic viscosity-molecular weight relationship of arayloscs. •, un- 
branchcd amylosc subfractions; o, branched amylose subfractions; a, unfraction¬ 
ated amyloses. 

degree of polymerization was determined. By comparing these values 
with those obtained by osmotic-pressure measurements, a variation in 
differences is observed by the two methods ranging from 3.2% for 
Easter lily amylose to 20.6% for potato amylose (Table II). Although 

TABLE II 

Comparison of the Degree of Poltmerization of Amtloses from Various 
Plant Sources Obtained from Osmotic Pressures and Intrinsic Viscosities 

Degree of Degree of 

Polymerization Polymerization 



from Osmotic 

from Intrinsic 

% 

Plant Source 

Pressure 

Viscosities 

Difference 

Tapioca 

1300 

1360 

4.6 

Potato 

970 

1170 

20.6 

Wheat 

860 

930 

8.1 

Cora 

800 

740 

7.5 

Sago 

740 

680 

8.1 

Easter lily 

620 

640 

3.2 

Apple 

560 

600 

7.1 

Acid raodihed corn 

390 

340 

12.8 
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the unfractionated arayloses are fairly heterogeneous with respect to 
their molecular size, approximate molecular weights can be obtained 
from their intrinsic viscosity measurements. 

Ultracentrifuge Method. The basis for this important physical method 
consists in that every molecule in addition to thermal forces is subject 
to the influence of gravitational force. If this force is large in comparison 
with the thermal forces causing diffusion, it will cause the molecules or 
particles to sediment. Although cellulose or starch molecules are not 
sufficiently large to settle under the influence of gravitational force, they 
can be made to sediment by the application of a strong centrifugal force. 

This method, which has given rather reliable results for proteins, is, 
in addition, capable of supplying information regarding the homogeneity 
of the compound investigated. It is based upon photographic observa¬ 
tions and records of equilibrium or velocity sedimentation in a strong 
centrifugal field, sometimes as high as 150,000 revolutions per minute. 
However, very limited data are available regarding molecular weights 
of starches by the ultracentrifugal method. 

Beckmann and Landis found that corn amylose disrupted by grind¬ 
ing was heterogeneous with respect to particle size, the molecular weights 
ranging from 17,000 to 225,000. About 50% of the material fell in the 
range of 31,000 to 61,000. 


CRYSTALLINE STRUCTURE OF STARCH 

The fact that starch granules produce x-ray diffraction patterns and 
give the "Maltese cross" figure when examined in the polarising micro¬ 
scope between crossed Nicol prisms indicates that starch has a crystalline 
organization. However, the term "crystalline" as applied to starch 
should not be interpreted in the same sense as when referred to com¬ 
pounds having individual visible crystals. It is generally considered “ 
that certain regions of the starch granule contain submicroscopic areas 
uhere portions of several chain molecules are oriented together by sec- 

kUivZlike Pr ° bably J hydro « en b0 “ds. These regions, forming 
T f rranE , C r nU a “ d constitu ‘i“8 Part of the structure of native 
“' n ar0 e ™ ed c, ys^allit«s-” The crystallite organization accounts 

J h T P r rtleS that haVe been ascribed iD former years to 
micelles, when dealing with cellulose and other substances that ex- 

bb. conmdal behavior. Like the older postulated micellar units, crys¬ 
tallites are characterized by their small size and their relatively laTge 
surface upon which residual forces are located. y 8 

“ Beckmann and Landia. ibid.. 61. 1495 (1939). 

Mayor and Bemfcld. Hdv. Chim. Ada. 23. 890 (1940). 
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The crystallite concept differs from the micellar concept in that in 
the former the crystallites are not considered to be discrete and inde¬ 
pendent units but are regarded as being held together by long molecular 
strands which pass through a number of crystallite regions. The crys¬ 
tallites are destroyed when starch is gelatinized in hot water but are 
re-formed when the gel is allowed to retrograde. In unbranched long- 
chained amylose molecules or shorter branches of amylopectin, the 
chains are partially oriented, resulting in the formation of such crystalline 
regions. In the space between these regions, such orientation is lacking 
and these non-oriented molecules make up the amorphous material of 
the starch granule. Glycogen, consisting entirely of multibranched 
short molecules, cannot form a regular arrangement with other mole¬ 
cules, which accounts for the fact that this polysaccharide always exists 
in an amorphous state and produces a diffuse pattern. 

Katz 47 was able to show that granular starches produce two main 
types of patterns, the A of the cereal starches and the B of tuber starches, 
with a few showing diffraction patterns intermediate in character be¬ 
tween the two. He also found that starches of all sources retrograde at 
low temperature, producing patterns of the B or tuber type, whereas 
at temperatures above 50° retrograded starch produces A or cereal-type 
patterns. In addition to the .4 and B modifications Katz 48 showed that, 
if starch is gelatinized and then precipitated by ethanol rather than by 
retrogrudation, the precipitated material gives a different x-ray diffrac¬ 
tion pattern, corresponding to a new crystalline modification of starch, 
the so-called V modification. 

Burly attempts to determine the unit crystal cell (number of glucose 
residues per unit) in the starch granule were not successful 49 because of 
the lack of sharp x-ray patterns. By improving the technique for obtain¬ 
ing sharp x-ray diffraction patterns, Bear and French 40 succeeded in 
indexing both the A and B diffraction patterns obtained from powdered 
samples and in determining the unit cell of starch. Comparison of the 
observed x-ray diffraction spacings with the spacings calculated from 
the theoretical unit cell, taking the starch density as 1.5, showed the 
unit cell of both modifications to contain four glucose units. Through a 
temperature series, they also demonstrated the occurrence of a continu¬ 
ous change from the A to B modification. By varying the temperature 
of retrogrudation a number of intermediate patterns could be obtained. 

” Katz ami van Itallie. Z. phytik. Chem.. A150. 90 (1930); Katz and Dcrksen, ibid.. 
A1 65, 228 (1933); Katz H al.. ibid.. A184. 100 (1939); also see aeries of earlier papers 
published in the same journal, series A. 1930-1939. 

m Katz and Derkscn. ibid.. A167. 129 (1933). 

•» Sponsler. J. Gen. Physiol.. 6. 757 (1923). 

•• Bear and French. J. Am. Chcm. See.. 63. 2298 (IM1). 
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This observation proved to be instrumental in finding a correlation be¬ 
tween the indices of the two crystalline modifications. 

Later Rundle el using starch fiber, found a new unit cell for 
the B modification of starch, with a 0 = J6.0, 6 0 = 10.6, c 0 = 9.2 A. 
They calculated that the unit cell for this modification consisted of eight 
glucose residues. These authors pointed out that data obtained from 
powdered samples are not adequate for the support of large unit cells 
for crystals of low viscosity as found in starch. Bear and French’s 60 
conclusion that the starch unit cell consists of four glucose residues is, 
therefore, open to question. Neither can the data obtained from fiber 
diagrams be interpreted with certainty. Since plasticizers, known to 
alter the starch structure materially, are used in the preparation of 
fibers, the x-ray diffraction patterns produced by such fibers would lead 
lo erroneous conclusions. 

Senti and Witnauer M claim to have circumvented these difficulties by 
orienting a non-hydrophilic acetate derivative of amylose and then con¬ 
verting it to amylose with alcoholic alkali solution. Highly oriented 
x-ray patterns of both the A and B fibers of alkali amylose were thus 
obtained, the spacings for the two modifications being essentially the 
same. The fiber x-ray diffraction diagrams showed a unit cell containing 
twelve glucose residues per unit. Taking into consideration that these 
alkali amyloses represent addition compounds having a composition of 
3C 0 H, 0 O 6 MOH-3H 2 O, this unit cell is quite comparable with the cell 
obtained by Rundle el al .•> However, since it is not certain whether 
the orientation in the alkali fiber patterns is the same as that in un¬ 
treated starch, it cannot be assumed that this unit cell constitutes the 
true unit cell of starch. It therefore appears that the final analysis of 
the problem regarding the unit cell of starch will have to await the pro¬ 
duction of highly oriented x-ray patterns of unaltered starch materials. 


THE STARCH-IODINE COMPLEX AND THE HELICAL CONFIGURATION 

OF STARCH 

n’lr Midered lhat ’ in aq , UCOUS solutions ’ “>e linear amylose molecule 
normally assumes an extended position. In the presence of iodine the 

mTo°uL C h am Presu ™ bly , coils int0 helic “> fom, so that the iodine 

the suiral m? 7°"^°™"* P° sition “ the central hollow space of 

poseefbv Hat.s U i e ' ° f 3 SCrewlike model »as first pro¬ 

posed by Hanes “ on purely hypothetical grounds to account for the 

*' Rundlo. Daosch, and French, ibid., $6. 130 ( 1944 ) 

«Ha n nL, an v w r:r-• 68> 2407 (iw6 >=»«• 

Hanes, Ncrx> Phtfologut, 36. 189 (1937). ' 



930 


ORGANIC CHEMISTRY 


hydrolytic action of a-amylase on starch as well as the action of the 
microorganism Bacillus macerans, which results in the formation of 
closed-ring dextrins. Freudenberg el al“ explain the blue starch-iodine 
color on the basis of such a helical starch structure. When treated with 
iodine, the iodine molecules enter the starch spirals and are deposited 
in the center of the helices. 

While the existence of a spiral in starch was postulated by Freuden¬ 
berg w on theoretical grounds, Rundle and collaborators 64 presented 
convincing evidence for the spiral configuration of certain modifications 
of starch and for the starch-iodine complex. They showed that the 
iodine complex of the linear component produces a certain type of 
x-ray spectrum corresponding in molecular spacings to an arrangement 
of closely packed helices. Bear 64 first made the observation that 
Katz's s * V-pattern of starch bears a resemblance to the x-ray diffraction 
pattern given by the starch-iodine complex and suggested that these 
patterns might result from a helical structure such as that proposed by 
Freudenberg. He showed later that the straight-chain amylose com¬ 
ponents isolated by butanol precipitation produce V-type diffraction 
patterns. 

Evidence for the existence of a relationship between the V configura¬ 
tion of starch and the configuration of the starch-iodine complex is pro¬ 
vided by the treatment of V-type starch with iodine vapor . m - 6Sl Starch 
(wet or dry) showing a distinct V diffraction pattern will absorb iodine 
vapor rapidly in relatively large quantity, whereas dry granular or 
retrograded starch does not absorb iodine to any appreciable extent. 
Thus, the ability to absorb iodine appears to be related to the quality 
of the V diffraction pattern the starch is capable of reproducing. There 
is a strong resemblance between the x-ray diffraction patterns obtained 
on the dry iodine complex with starch. On examination of its inter- 
planar spacings, it appears that all strong diffractions can be accounted 
for on the basis of a simple hexagonal reciprocal lattice of two dimen¬ 
sions which has a translation of 13.7 A. This agrees well with a hex¬ 
agonal packing of cylindrical spirals having a diameter of 13.7 A and 
an identity period of about 8 A along the cylinder length. The 8 A 
dimension corresponds to a single turn of the spiral. 

Bundle el al. tta also show that starch-iodine solutions exhibit dichroism 
of flow; the light with its electric vector parallel to the flow lines is more 


« Freudenberg. School. Dumpcrt. ond Ploctz. Xalurxri*$en»cha/trn. 27. 850 
• L, Bundle and Baldwin. J. Am. CHrm. Soc.. 65. 554 (1943,; (b) Rundle and French 
ibid., 65. 558 (1943): (c) Rundle and French, ibid.. 65. 1/07 OW3): W> J* n 
Edwards ibid.. 66. 2200 (1943); (e) Baldwin. Bear, and Rundle. tbtd.. 66, 111 ( 

(/) Rundle. Foster, and Baldwin, ibid.. 66. 2116 (1944). 

“ Bear. ibid.. 64. 1388 (1942). 
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strongly absorbed than light with its electric vector normal to the flow 
lines. The dichroism of flow requires that the long axes of the iodine 
molecules in the complex be parallel to the long axis of the starch-iodine 
complex. It is believed that the optical properties of starch-iodine 
complexes may be best interpreted in terms of helical starch chains. 

Meyer and Bernfeld 67 object to the helical starch model as an ade¬ 
quate explanation for the color with iodine on the grounds that some 
substances known not to have a helical structure also give a blue color 
with iodine. They believe that the blue iodine color is not due to the 
formation of a new compound of a definite composition but can be 
explained in terms of colloidal structure or solid solution formation. 
However, Stein and Rundle 44 submit evidence indicating that polymers, 
other than amylose, notably polyvinyl alcohol, capable of forming halo¬ 
gen complexes, produce molecular compounds rather than solid solutions 
as a result of ordinary adsorption; these complexes give a blue color 
with iodine. 

These authors 68 also present evidence to the effect that the inter¬ 
action between the amylose helix and iodine in the amylosc-iodinc com¬ 
plex is of dipolar nature. Potentiometric titrations of amylose with 
iodine 19 show that the iodine activity remains essentially constunt during 
the precipitation of the complex from amylose. Furthermore, on adding 
half of the amount of iodine necessary to precipitate the amylose from 
solution completely, it is found M/ that half of the amylose is precipi¬ 
tated completely while the remaining half is unaffected. This behavior 
can be best explained by the assumption that a complex of definite 
composition is formed. It is also known that, in addition to iodine, 
the alcohols, fatty acids, and nitro compounds may serve as complexing 
agents." Since these compounds have in common either a high polariza¬ 
bility or a permanent dipole moment, the indication is that the forces 
associated with complex stability are of dipolar origin. 


NON-CARBOHYDRATE SUBSTANCES IN STARCH 

Starch was often regarded as associated in organic combination with 
non-carbohydrate materials such as phosphorus, fatty acids, and silicic 

ext, in , \ Z lhut ' e r Cep ' for Phosphorus, these substances 

tfon r r™ Wh | Ch can be by careful purifica¬ 

tion. Schoch showed that the fatty acid material in corn, rice, and 

" Meyer and Bernfeld. Ueb. Chim. Ada. 24, 380 (19411 
Stem and Rundle. J. Chem. Phy,.. 16, 195 (1948). 
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wheat starches can he removed without hydrolytic degradation by ex¬ 
traction with water-miscible fat solvents such as methanol or 80% di- 
oxane. Similarly, Lehrman 71 arrived at the conclusion that the fatty 
acids associated with starch are probably adsorbed. 

However, Mikus et al~'- present evidence to the effect that the mech¬ 
anism of starch-fatty acid interaction is not a surface phenomenon but is 
similar to that shown for the complexes which amylose forms with 
iodine 73 and alcohols.** X-ray and optical investigation of the complex 
between amylose and fatty acid reveals that the fatty acid complex 
closely resembles the amylose-iodine complex in that it consists of 
closely packed helical amylose tubes. Amylose with a helical-chain 
configuration will bind fatty acid, and amylose with an extended-chain 
configuration will not, independent of relative particle size of the two 
materials. This is interpreted to mean that starch-fatty acid inter¬ 
action involves molecular complex formation rather than surface adsorp¬ 
tion. 

The greatest proportion of the phosphorus material can be extracted 
with hydrophilic fat solvents from corn, wheat, and rice as lipid material, 
but the same treatment removes only a very small fraction of the phos¬ 
phorus in potato starch. This phosphorus, which constitutes about 
0.09% of the starch, 70 is probably esterified with the carbohydrate, 
but it is doubtful whether this small amount plays any significant role 
in the metabolism of the polysaccharide. Inasmuch as Posternak ,4 
isolated a glucose monophosphate by hydrolysis of potato, sago, and 
arrowroot starches, which was shown to be glucose-G-phosphate, the 
indication is that the phosphoric acid is attached in starch in some of the 
( 3 -positions. Samec as well as Meyer 7 * considers that the phosphorus 
is present in the amylopectiu but not in the amylose fraction. 

Similarly, the belief that glycogen exists in orgunic combination with 
phosphorus 7 ‘ has now been discarded. Somogyi 77 has shown that 
glycogen prepared by precipitation with dilute ethanol (33%) is practi¬ 
cally free of phosphorus and nitrogen. Ling and Nanji’s 7 * claim that 
starch contains silicic acid linked in the form of an ester could not be 
substantiated by other workers. 


” Lehrman. ibid.. 64. 2144 (1942). 

Mikus. Hixon. and Rundle. ibid.. 68. 1115 (1946). 

” Bear, ibid.. 66. 2122 (1944). 

» £J£-vSl. CLOU ,v E. O. Krnenior, - 

- o. U. Poland.,." 

McGraw-IIill Book Co.. New York (1932). p. 26.. 

1: Somogyi. J. Biol. Chem.. 104, 245 (1934) 

Ling and Nanji. J. Chan. Soc.. 127, 652 (1925). 
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ACID HYDROLYSIS OF STARCH 

When starch is heated with acids it is broken down to short^chain 
dextrins. The degree of degradation depends on the concentration of 
the acid, the temperature, and the length of time of hydrolysis. As the 
action of the acid continues, the molecular weight and viscosity of the 
hydrolysis products fall and the reducing power increases. Under con¬ 
ditions of drastic hydrolysis, such as boiling with 1 N hydrochloric acid 
for an hour, the starch is completely broken down to glucose. Mild 
treatment with acid produces soluble starch. The well-known Lintner 79 
method for solubilizing starch consists of subjecting native starch grains 
to 7.5% hydrochloric acid at room temperature for a period of 7 days. 
Another method commonly used is that, first employed by Small, 80 
which involves treating the starch with 0.75 volume per cent of con¬ 
centrated hydrochloric acid in 95% ethanol and boiling for 10 minutes. 
Starch is degraded by these procedures only to a slight extent and is 
converted to a form which readily dissolves in hot water but still gives 
a blue color with iodine. Compared with the original starch, the re¬ 
sultant solutions are less viscous and only slightly opalescent. 

Under properly controlled conditions starch can be effectively solu¬ 
bilized without appreciable hydrolytic degradation, the products having 
a reducing value of 0.5% to 1%, calculated as maltose. Starch solu¬ 
bilized by the Small 90 method and then methylated was found to give 
an end-group assay identical with that of untreated starch. 

According to Myrhack, 91 when a starch solution is treated with dilute 
acid at a suitable temperature and the degree of hydrolysis a is calcu¬ 
lated from the liberated reducing groups, the values of 


K m 


In 


1 - 


<*i 


h - (i 1 - 


a 2 


first increase until a is approximately 0.8 and subsequently will rapidly 
decrease. This decrease is attributed to the presence of 1,6-glucosidic 
mkages wh^h are hydrolyzed at a slower rate than the 1,4-glucosidic 
linkages. The increase in the K„ values in the first stage of hydrolysis 
is explained by the fact, observed by Freudenberg,« that the velocity 
of hydrolysis is dependent not only on the particular type of the gluco- 
sidic linkage but also on its place in the chain. Thus, a mathematical 

!* Lintnor - J. praki. Ctem., [2] 34. 378 (1886). 

Small. /. Am. Chem. Soe.. 41, 113 (1919). 

Myrb&ck. 'Advances in Carbohydrate Chemistry M Vol III k ix 

Wolfrom. Acadomic Press. New York (1948), p. 308 ’ ' by P, * man and 

” Froudenberg. Chan.-Zlg.. 60, 883. 875 (1936). 
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treatment of hydrolysis of starch containing two types of linkages with 
different velocities of hydrolysis is exceedingly complicated, especially 
if the two types are mixed at random. 


STARCH ESTERS 


Since each glucose residue of the starch molecule has three free 
hydroxyl groups, starch is capable of ester formation. The esters can be 
formed with organic and inorganic acids.” When starch is treated under 
suitable conditions with acetic anhydride, starch acetate is obtained. 
Treatment with nitric acid produces a nitrate derivative. Caesar and 
Goldfrank 84 nitrated starches by means of nitrogen pentoxide in chloro¬ 
form, producing trinitrate derivatives. Owing to the completely anhy¬ 
drous character of the nitration and the relatively low temperatures 
involved ( 16 ° to 18 °), the nitric esters produced probably reflect the 
degree of polymerization of the original materials. 

Starch granules resist penetration by organic esterification mixtures 
unless they arc swollen or disintegrated before esterification. The most 
effective reagents for swelling of the granules are aqueous chloral hy¬ 
drate 88 and pyridine. 8 * Pyridine is considered more satisfactory, since 
it produces little or no degradation of the starch molecule. Formamide 
is also found to be a very efficient dispersion medium. When this 
reagent is employed, esterification with acetic or propionic anhydride 
in the presence of pyridine can be carried out at room temperature . 87 
Elimination of elevated temperatures during the process of esterification 
reduces degradation of starch to a minimum. By this method, acetylated 
amylopectins can be obtained with molecular weights ranging from 

2,000,000 to 10,000,000.” 

When starch is treated with chlorine and sulfur dioxide (Barnett 
catalyst), hot glycerol, or 85 % phosphoric acid, it is transformed to 
a more easily esterifiable product. However, ester derivatives prepared 
by such methods should not be used for structural studies, because 
treatment with these reagents results in considerable degradation of the 
molecules. Of the starch esters, starch acetates are most easily pre¬ 
pared. They have been frequently used for determining molecular 


« For summary on preparation and properties of starch esters see Whistler. "Advoncw 
in Carbohydrate Chemistry" Vol. I. edited by Pigman and Wolfrom. Academic Uc^. 
Now York (1945). p. 279. 

m Caesar and Goldfrank. J. Am. Chem . Soc., 68, 372 (1946). 

“ Meyer. Bernfeld. ond Hohenemser. Hdr. Chxm. Ada. 23 . 885 (1940). & 

“FriL and Smith. SIB. 1975 (1928); -d R-cha^n. 7. Sec. 

Chem. Ind.. 67. 234 (1938); Mullen and Pacsu. Ind. Eng. Chem.. 34 . SO, (1942). 

• T Carson and Maclay. J. Am. Chem. Soc.. 68. 1015 (1946). 
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weights of starches and as intermediates in the preparation of methyl¬ 
ated starch. 88 

The properties displayed by starch esters are dependent upon the 
type and molecular weight of the starch or starch fraction used for the 
esterification. Starch triacetates are generally soluble in acetic acid 
and, except for potato starch triacetate, are soluble in chloroform, 
1,1,2-trichloroethane, tetrachloroethane, and other halogenated hydro¬ 
carbons. A striking difference is observed in the physical properties 
of amylose and amylopectin triacetate fractions. The former, like cellu¬ 
lose triacetate, is capable of producing films having high tensile strength 
and good extensibilities; the latter produces brittle films. The linear 
fraction can also be obtained as a fibrous mass, whereas the amylopectin 
occurs only as a fine powder. 88 

The average value for the specific rotation in chloroform obtained 
for starch triacetates prepared by mild treatment from starches of dif¬ 
ferent sources is approximately (a) D + 170V- 8 There is no significant 
difference between the specific rotations of acetylated amylose and amy¬ 
lopectin fractions. 

Starch monoformate can be produced by treating starch with formic 
acid at room temperature for 24 hours. 88 This ester appears to be 
substituted in the 6-position. Starch tripropionate and tributyrate are 
easily prepared by treating swollen starch with pyridine and the corre¬ 
sponding acid anhydride. 80 These triesters are more soluble in organic 
solvents than the starch triacetates. 

Higher aliphatic esters of starch are prepared by reaction with the 
acid chloride in the presence of alkali or a tertiary organic base, 81 such 
as pyridine, quinoline, or dimethylaniline. Thus, an incompletely esteri- 
fied starch stearate was prepared by treating gelatinized starch with 
stearyl chloride* Similarly, other starch esters, such as laurates 
myristates, and palmitates, have been prepared. 

The benzoyl and tosyl esters of starch have also been obtained by 

or a'lkaT" ° r * anhydrides in the Presence of pyridine 


Am’ CW '■ CVm - 2375 » 932 >‘ -1 McCray. /. 

288 <,,,o9,: Goiuiob - - d . '• *■. 

‘ nd P ‘““’ ,nd ' Bn ‘- CKm - **• 1209 <IM2) ; - Shrevo, **. 34 , 

Zol G ^. 1 £***--*. ■*-« *■>• «« (May. .924,: Karror .nd 

” [l orandl CeUuloMtdum^ 13 , 185 (1932). 
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Like cellulose nitrates, the starch nitrates are powerful explosives. 
They have been known since the early part of the nineteenth century. 
The nitration is carried out at temperatures of S° to 25° with nitric 
acid, usually in the presence of sulfuric or phosphoric acid. 9 * Depending 
on conditions, the product generally contains from 6% to 14% nitrogen 
(the theoretical trinitrate content is 14.14% nitrogen). 


STARCH ETHERS 


When starch is treated with dimethyl sulfate in the presence of alkali 
the hydrogens of the free hydroxyls are substituted by methyl groups, 
forming starch ether. 9 *- 30 However, not all of the three hydroxyl groups 
can be methylated by a single treatment. It may require as many as 
twenty methylations with these reagents to replace all of them by 
methyl groups. If the acetylated starch derivative is used and the pro¬ 
cedure is carried out in an acetone medium, the number of methylations 
can be reduced to about eight. A product with a methoxyl content of 
43.5% to 44.5% is usually obtained 94 [the theoretical methoxyl content 
for C 6 H 7 02(OCH 3 )3 is 45.6%). The number of methylations can be re¬ 
duced still further if the partially methylated starch is dissolved in ani- 
sole, treated with sodium which has been dissolved in liquid ammonia, 
and then methylated with methyl iodide. 97 When the unsubstituted 
alcohol groups are first converted into the sodium alkoxides, the subse¬ 
quent replacement of the sodium by the methyl group is easily carried 


out. 

Methylated starch is soluble in acetone and especially in chloroform. 
Its specific rotation in chloroform is approximately [a] D + 215°. Methy¬ 
lated amylose is insoluble in both hot and cold water; methylated amylo- 
pectin is fairly insoluble in hot but soluble to a considerable extent in 

cold water. , him 

A number of other starch ethers, such as glycolic acid 9 ' and allyl 

ethers, have also been prepared. 


**Bcrl and Kunxc. Ann.. 620. 270 (1935); Kasseler and Rohm. Z. angtw. Chan.. 35. 

12 « ( Wrst and Young. J. Chem. Soc.. 951 (1939); Hirst. Plant, and Wilkinson ibid.. 2375 
(1932). 

»• See Samec. KoUoid-Beihefle. 51. 369 (1940). R 69 

*» Musket. J. Am. Chem. Soc.. 66. 693. 2449 (1934); Freudenbcrg and Rapp. Her., o 
2041 (1936); Hess. Schulze, and Krajnc. Bcr.. 73. 1009 (1940). 

« Chowdhury. Biochem. Z.. 148. 76 (1924): Floppier. Chem.-Ztg 67, ,2 (1943). 

.. Tomccko and Adams. J. Am. Chem. Soc.. 46. 2698 (1923): N.chols. Hem,Ron. Snnth. 
and Yanovsky. Ind. Eng. Chem.. 37. 201 (1945). 
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DEGRADATION OF STARCH BY MEANS OF BIOLOGICAL PROCESSES 


Starch is attacked by certain enzymes, the chief among which are the 
amylases. These enzymes arc involved in the preparation of cereal 
beverages, in bread making, in the preparation of special dextrins and 
sugars, textile sizes, adhesives, etc. The hydrolytic action of amylase 
on starch is, therefore, of great industrial importance. 

Amylases are present in nearly all plants, animals, and microorgan¬ 
isms. They occur in starchy seeds, especially after the seeds have 
sprouted, and they are also present in considerable quantity in molds. 
In the higher animals the amylases are found in high concentration in 
the pancreas, and in some species (man, pig, rat) they are present in 
high concentration in saliva and in the salivary glands. 

One of the most important sources of amylases is barley malt, which 
is obtained from germinated barley. This “malt amylase” or diastase 
is composed of at least two enzymes capable of attacking starch and 
glycogen, but their action is different. One enzyme, termed 0-amylase 
(saccharogenic amylase), degrades starch to about 60%, leaving a residue 
which is stained red or purple with iodine. The other enzyme, termed 
o-amylase (dextrinogenic amylase), rapidly converts starch into low- 
molecular-weight dextrins, which do not produce any color with iodine, 
together with a small amount of fermentable sugars. 

In analogy to the mutarotation of a- and 0-maltose the names alpha 
and beta were originally given to the two amylases to indicate that one 
produces degradation products mutarotating downward whereas the 
other gives products mutarotating upward. The 0-amylase liberates 
maltose in the 0-configuration. ,w However, this is no proof for the 
occurrence of 0-D-glucosidic linkages in starch. It is not known why 
the 0-amylase, in contrast to the a-amylases, causes an inversion of the 
configuration. 


Another enzyme capable of degrading starch is produced when Bacillus 
macerans is cultivated upon starch substrates. This enzyme forms 
water-soluble dextrins (Schardinger dextrins) which can be obtained 
m crystalline form.*- Since these dextrins are known to be closed-ring 
struc mos, they are most probably synthesized by the enzymes after 

en l nf C T P break K d0Nvn u 0f j the s ^ arc h- Thus, it appears that the 

:zz:LLzr s has the doub,e function ° f a - 


The phosphorolytic enzyme phosphorylase is widely distributed in 
and plant tlssues - Th,s enz yme breaks down starch or glycogen 

Owe,. 
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in the presence of inorganic phosphate to glucose-1-phosphate. The 
reaction is reversible; that is, in the presence of the same enzyme 
glucose- 1 -phosphate is decomposed with the production of polysaccha¬ 
ride and inorganic phosphate. 

0-Amylase. 0-Amylase occurs only in higher plants. The best source 
of this enzyme is ungerminated barley (wheat, rye, oats, soybeans, or 
sweet potatoes can also be used), from which very active solutions may 
be prepared by extraction with cold water and toluene. Crude extracts 
of 0 -amylase are almost always contaminated with traces of a-amylase. 
The enzyme solution may also contain another enzyme, maltose, which 
will hydrolyze maltose to glucose and result in a high apparent sugar 
value. 0-Amylase free from a-amylase gives with potato starch a 
limit of saccharification equivalent to Gl% maltose (theoretical value, 
105%). 0-Amylase can be purified from accompanying a-amylase by 
treatment with acetic acid and storage of the solution at 0° and pH 
3.6. ,oa The a-amylase is destroyed but the 0-amylase is unaffected by 
this treatment. Considering that potato starch contains about 20% 
amylose, which is saccharified with 0 -amylase to 100 % maltose, the 
saccharification value of amylopectin should be less than 00 %. '1 his 
figure is confirmed in experiments with pure amylopectin in which 
saccharification values from 53% to 55% are obtained. ,s When starch 
preparations are treated with hypoiodite, whereby all the existing re¬ 
ducing groups are presumably oxidized to carboxyl groups, and then 
subjected to 0 -amylase, the rate of saccharification of these fractions 
proceeds with the same velocity and to the same extent as with normal 
starch . 103 This indicates that the enzyme attacks the chains starting 
from the non-reducing end groups. 

Chains containing only 1,4-a-n-glucosidic linkages are saccharified by 
0-amylase to 100%, irrespective of their chain length. Short chains of 
four to seven glucose units in length, isolated from starch through the 
action of malt a-amylase hydrolysis, are completely split into ferment¬ 
able sugars by 0-amylase. ,o ‘ The sole product of 0-amylase hydrolysis 
is maltose; D-glucose is not formed. It is therefore assumed that chains 
with an uneven number of D-glucose units probably produce a tn- 
saccharide (maltotriose) which is not attacked by 0-amyluse but is 

fermented by yeast. , 

When starch, amylopectin, or glycogen is saccharified by 0 -amyiasc 
a non-reducing limit dextrin remains, which is called 0 -amylase dextrin, 
a-amylodextrin, or 0 -dextrin. This high-molecular-weight limit dextrin 


«« Blum. Bak. and Braae. Z. physiol. Chrm.. 141. 273 (1930). , 07 129 

«o» Myrback. Biochem. Z.. 285. 290 (1936); Ortcnblad and MyrbSck. ibid.. 30 

(1 mm Myrback and Ahlborg. ibid.. 311. 213 (1942). 



STARCH 


939 


gives a red or purple color with iodine. Since starch is hydrolyzed to the 
extent of approximately 60% maltose, theoretically the molecular weight 
of the limit dextrin should be 40% of its parent substance. 

Cleveland and Kerr’s ,os work indicates that, when hydrolysis of 
amylose by a limited amount of /3-amylase is interrupted, only maltose 
and unconverted residues having nearly the same chain length as the 
original sample are obtained. These results are interpreted to mean 
that, in attacking the substrate, the enzyme degrades one chain at a 
time. Swanson’s 104 results also suggest that 0-amylasc degrades one 
whole amylose molecule completely before attacking a new chain, so 
that no intermediate dextrins are found. 


0-Amylase has been obtained in crystalline form from sweet potatoes 
by Balls, Walden, and Thompson. 107 The crystalline enzyme has the 
properties of a protein. 

a-Amylase. Enzyme preparations obtained from animal sources 
(pancreas, saliva), fungi, and bacteria are of the a type. Cereals con¬ 
tain a mixture of a- and 0-amylases which have the ability to liquefy 
starch gels rapidly, producing dextrins of low molecular weight. Because 
of this property these enzymes are known as “dcxtrinogonic” amylases 
and also as liquefying amylases. “Dextrinization” is considered to be 
chiefly a function of a-amylase. 

In higher plants a-amylase invariably exists in admixture with 
0 -amylase and with other enzymes. Inasmuch as this enzyme has a 
greater resistance to heat, it can be purified by heating the extracts 
to a temperature at which the 0-amylase is inactivated. This is usually 
accomplished by heating at 70° for 15 minutes. However, such prepa¬ 
rations are not entirely free from 0-amylase and maltase. 

The a-amylases rapidly attack starch in such a way that the reaction 
mixture no longer produces a color with iodine. With malt a-amylase 
and potato starch the blue color disappears when about 7% of D-gluco- 
sid.c linkages are hydrolyzed, which corresponds to an apparent yield 
of 15 /o to 20% maltose. 1 ® 8 According to Myrback, 1 ® 8 when starch is 
treated with malt a-amylase, there is at first a rapid liberation of reducing 
groups accompanied by a sharp reduction in viscosity. At this stage 
only small amounts of fermentable sugars are formed. This phase of 
the “fast reaction” is known as “dextrinization.” After about 17% of 
the a-glucosidic linkages of the starch are ruptured, the velocity of the 


104 Cleveland and Kerr. Cereal Chem.. 25. 133 (1938). 

,M Swanson. J. Biol . Chem., 172, 80S (1948). 

Z "' Rldon - and Thompson, ibid.. 173. 9 (1948). 

Myrbhck and Lundberg. Srensk Kem. Tid.. 56. 3G (1943). 

Myrback. "Advances in Carbohydrate Chemistry " Vol III k p* 

WoHrom. Academic Press. Now York (1948). pp. 27(^73. V 
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reaction, as measured by the increase in reducing groups, falls off to 
some 0% of the velocity of the first phase. In this second phase, desig¬ 
nated as “saccharification,” a considerable amount of fermentable sugars 
is formed as the result of the slow conversion of the dextrins by a-amylase 
to maltose, maltotriose, and a small amount of glucose. The formation 
of D-glucose as a primary product is not characteristic of all a-amylases. 
Salivary amylase produces no D-glucose when free from maltase." 0 

In the dextrinization of starch, malt a-amylase breaks up the mole¬ 
cules into unfermentable parts of low molecular weight having a con¬ 
siderable reducing value. Myrback refers to these products of dex¬ 
trinization as “a-dextrins.” The average molecular weight of the prod¬ 
ucts of dextrinization is about 1100, which corresponds to fragments 
consisting of approximately seven glucose units. This shows that 
a-amylase, in contrast with /3-amylase, has the capacity of degrading 
not only terminal chains but also interior chains, apparently by-passing 
the 1,0-D-glucosidic linkages. However, the 1,6-D-glucosidic linkages 
themselves are unaffected by a-amylase. In general, other a-amylases 
have the same effect on starch as the malt a-amylase. The animal 
amylases, however, do not yield glucose. 

Bernfeld and Studer-P4cha 1,1 have taken exception to Myrback’s ,09 "° 
scheme of starch degradation, maintaining that the “fast reaction” con¬ 
tinues till 40% to 50% of the glucosidic linkages arc hydrolyzed. Thus 
the final products of the “fast reaction" are not short-chain dextrins of 
five to eight glucose units but are maltose and maltotriose. The dis¬ 
crepancy between these conclusions and those of Myrback is explained . 
by the formation of retrograded “submicrons” due to the presence of 
amvlose during the digestion period. These retrograded particles arc 
resistant to a-amylase attack in the aging amylose solutions at low 
concentrations of a-amylase. This retrogradation also interferes with 
the complete hydrolysis of amvlose by /3-amylase. m 

The amylases can be obtained as crystalline proteins. Although these 
enzymes were among the earliest to be investigated, their isolation was 
not successful until recently. a-Amylases have been obtained in crystal¬ 
line form by I\. II. Meyer cl al. ln from hog pancreas, human saliva, and 
bacteria; Schwimmer and Balls" 4 prepared crystalline a-amylase from 
barley malt. 


(1047). 


Myrback. Hiochrm. 7... 307. 140 (1941). 

1,1 Bernfeld ami Studer-Pccha. /Mr. Chim. Ada. 30. ISOS. 1004 
"* Bernfeld and Gurtler. Aid.. 31. 10G (194S). 

Meyer. Fischer, and Bernfeld. Arch. HAchrm.. 14. 140 (.047); H^her am Bernf.i . 
/Mr. Chim. Ada. 31. 1831. 1**9 (104S); Meyer. Fischer. Staub and Bernfeld. ; 

2158 (1948.; Bernfeld. S.aub. and Fischer. Aid.. 31. 2105 (1048.; Meyer, huld. and Bern 

fold. Erpcrienlia. 3. 411 (104* >. 

,u Schwimmer and Balls. J. Biol. Chrm.. 176, 405 (1048). 
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Action of Bacillus macerans on Starch. When starch solutions are 
exposed to the action of the microorganism Bacillus inacerans a mixture 
of water-soluble dextrins is produced from which three distinct, non¬ 
reducing crystalline compounds may be isolated, the a-, /3-, and 
7 -dextrins. ,,s These dextrins were discovered by Schardinger 101 and 
are known by his name. They were later shown to be produced from 
bacteria-free filtrates in 60% yield. ,u The specific rotations of the 
anhydrous a-, /3-, and y-dextrins in water are (a]o +150.5°, +162.5°, 
and +177.4°, respectively. 114 Upon treatment with acid or A. oryzae 
enzyme (Takadiastase) they are completely hydrolyzed to glucose. 117 

The Schardinger dextrins are completely non-reducing, and upon 
methylation and subsequent hydrolysis they produce 2,3,6-trimethyl- 
glucose as the sole product. 111 Since no tetramethylglucose can be 
demonstrated, it is concluded that these dextrins consist of glucose 
residues linked through 1,4-glucosidic linkages forming a closed ring. 
After mild hydrolysis of the cyclic dextrins with acid, the linear chains 
can be degraded with /3-amylase, showing that the linkages in the dex¬ 
trins are of the a type. 11 * Data obtained from cryoscopic molecular- 
weight. determinations 130 indicate that the a-dextrin consists of a cyclic 
ring containing five glucose residues, whereas the /3-dextrin contains 
six glucose residues. However, interpretation of x-ray diffraction data 131 
shows that the o-dextrin (cyclohexaamylose) consists of six glucose 
residues, whereas the /3-dextrin (cycloheptaamylose) contains seven glu¬ 
cose residues in the ring. 

Inasmuch as there is now abundant evidence that the starch molecule 
consists of open branched-chain structures, the existence of such closed 
rings in the starch molecule is not in accord with the present views on 
the constitution of starch. However, since it is known that some 
microorganisms are capable of synthesizing complex carbohydrates, 133 
it is believed that the Schardinger dextrins are not preformed in starch 
but are synthesized in the process of enzymatic breakdown. Freuden- 
berg ‘ 3 ® assumes that the enzyme has the ability to arrange the chains 
in helical coils in such a way that, when a D-glucosidic linkage is rup¬ 
tured, the two free end glucose units are situated in close proximity to 
each other, enabling them to recombine. 


f™ ch ' ‘" d t No ' b -'«- J- CW &*.. 71. 353 (1949). 

McClenahou. Tilden. and Hudson, ibid.. 64. 2139 (1942). 

Freudonborg mid Jacobi. Ann.. 618, 102 (1935). 

Freudciibcrg and Moyer-Delius, Ber.. 71, 159G (193S). 

"* Cori> Swanson, and Con. Federation Proe.. 4, 234 (1945). 
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Peat, SchlQchtorcr. and Stacey. J. CKem. Soc 581 ri939»- A d « 
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The view that the B. macerans enzyme is capable of synthetic as well 
as degradative action is supported by the fact that the reaction of 
Schardinger dextrin formation is reversible. French el al. m showed 
that the enzyme can rupture the cyclohexaamylose ring and form a 
higher saccharide by adding on glucose or maltose units to the chain 
according to the following reaction. 

mat rraiu 

Cyclohexaamylose + Maltose Higher saccharide 

Tlie assumption that the B. macerans enzyme splits off starch frag¬ 
ments of six or seven glucose units and at the same time combines the 
terminal glucose residues is perhaps the simplest hypothesis for the 
mechanism of cyclic dextrin formation. However, the postulation of 
other mechanisms, such as splitting off two, three, and four anhydro- 
glucose fragments from the starch chains, which are then used for the 
synthesis of closed-ring dextrins, cannot at present be excluded. 1 "® 

The linear amylose starch component produces a greater yield of 
cycloamyloses than the branched amylopectin component. Corn and 
potato amylose were found to produce approximately 70% of Scliar- 
dingcr dextrins, whereas amylopectins from the same plant sources 
yielded *19% of these dextrins. 114 Cycloamyloses are also formed from 
glycogen. On the other hand, the residual dextrin obtained from starch 
after degrading the outer branches with /3-amvlase does not yield 
Schardinger dextrins. 1,4 This is taken as evidence that the cyclo¬ 
amyloses are formed from the linear amvloses and from the exterior 
chains of amylopectin and glycogen. 


MECHANISM OF STARCH SYNTHESIS 

Since the starch-splitting amylases are known to occur in many plants, 
it was formerly believed that they might be responsible for the re¬ 
versible interconversion of starch into sugar in the living plant. A 
similar mechanism for glycogen breakdown and synthesis was assumed 
to occur in animal cells. Cori and Cori 154 demonstrated in 1936 that 
phosphorylase, an enzyme of an entirely different nature from amylase, 

,u French. I’ozur. Levine, and Norbcrg. J. Am. Chrm. Soc.. 70, 3145 (1948). 

•**> Norbcrg and French, ibid.. 72. 1202 (1950). have found that extract* of B. maceraru 
oro capable of catalyzing ••redistribution” or ••homologizing” reactions among reducing 
oligosaccharides and linear dextrins in the amylose series. Maltose, for example, is con¬ 
verted to glucose and linear saccharides; a linear seven unit dextrin (ainyloheptaose). to 
a mixturo of linear and cyclic saccharides. 

m Wilson. Schoch. and Hudson, ibid.. 65, 1380 (1943). 

125 Kerr, ibid., 66, 188 (1943). 

u. Cori and Cori. Proc. Soc. ExpU. Biol. Med.. 34. 702 (1936); 36, 119 (1930- 
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is involved in the breakdown of glycogen. 127 The primary product of 
glycogen degradation by this enzyme is not a reducing sugar such as 
would be yielded by amylase activity but a phosphorylatcd sugar. 
Phosphorylase found in animal tissues acts upon glycogen in the presence 
of inorganic phosphate to produce a-D-glucopyranose-1-phosphate (Cori 
ester). Owing to the reversible nature of the phosphorolytic decompo¬ 
sition, phosphorylase acts on glucose-l-phosphate, producing a polysac- 
charide. 128 Hanes 129 has found that higher plants such as peas and 
potatoes contain phosphorylase which catalyzes the reversible reaction 
between starch and glucose-l-phosphate in the presence of inorganic 
phosphate. A similar phosphorylase capable of producing a starchlike 
polysaccharide from glucose-l-phosphate is also found in some bacteria. 110 

The formation of glucose-l-phosphate from starch and inorganic phos¬ 
phate occurs as the result of phosphorolytic cleavage of successive termi¬ 
nal glucose units from the chains of the starch molecule, the starch 
molecule being decomposed without the entrance of water into the reac¬ 
tion. The reverse reaction, the formation of polysaccharide from 
glucose-l-phosphate, is the result of successive “dcphosphorolytic” con¬ 
densations and may be written as follows: 

(n)Glucose-1-phosphate” +± (n)HPO«- -f Polysaccharide 


The process whereby starch is broken down to glucose with the 
simultaneous entrance of inorganic phosphate at the glucosidic linkages 
is termed "phosphorolysis,” 1,1 which is distinguished from the "hydroly- 
s»s” process where water is involved. Figure 11 is a diagrammatic 
representation showing the entrance of inorganic phosphate at the 



Fig. 11. Phosphorolysis of starch or glycogen. 
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Pamaa, Ergcb. Enz^mforach.. 6, 57 (1937). 
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a-glucosidic linkages resulting in the formation of glucose- 1-phosphate. 1K 
This diagram also applies to phosphorolysis of starch. 129 

The equation for the formation of starch or glycogen from glucose- 
l-phosphate suggests that two or more molecules of this ester react with 
the enzyme, starting an a-glucosidic chain which grows by further addi¬ 
tions of glucose-1-phosphate. However, the reaction does not take 
place when highly purified enzyme (crystalline muscle phosphorylase 
or purified potato phosphorylase) and synthetic glucose-1-phosphate are 
used, unless a priming agent, such as starch, glycogen, or dextrin, is 
added. Crude potato phosphorylase and glucose-1-phosphate prepared 
enzymatically from starch usually contain sufficient dextrin impurities 
to start the reaction of polysaccharide formation. ,u The rate of poly- 
saceharidic synthesis depends on the nature as well as the amount of 
activating polysaccharide added to the reaction mixture of glucose- 
1-phosphate and muscle phosphorylase. 119 

The catalytic polysaccharide or priming agent (dextrin, glycogen, or 
starch) is visualized by Cori el al " 9 as a nucleus having a large number of 
branches or side chains between six and twenty-five glucose units in 
length. These branches arc lengthened by addition of glucose units 
through the repetition of the following process. 

(C.HioO*), + C.H„0* 0 PO,H, -* (C«H, 0 O*),+t + Phosphate 

ActivatinK Gluc©«e-l-ph«*«ph»U* 

polyMccharido 

(C«HioO$),+i + CtH„(VOPO,H, — (C«H lo O*) x4 . 2 + Phosphate 

(C«H l0 O 4 ) x + 2 + C«Hi,0*-0 -POjIIj ••• 

The above reaction proceeds until very long chains are built up. W hen 
the chains reach a certain size, their length becomes a limiting factor 
and the reaction stops. This is possibly the reason why starch and 
glycogen, having many branches of relatively short chain length, possess 
strong activating power, whereas the linear polysaccharides, amylosc 
and synthetic polysaccharide, have little effect. If single chains of 
amylose or synthetic polysaccharide represent whole molecules, 2,114 it 
must be assumed that the large synthetic polysaccharide macromolcculc 
formed through the lengthening of the branched-chain priming agent 
breaks up into smaller single-chain molecules. 

The reversibility of the phosphorolysis reaction between starch am 
glucose-1-phosphate is shown by the fact that the ratio of inorganic 
phosphate to ester phosphate reaches the same value in either direction. 

m Cori Colowick. and Cori. J. Biol. Chan., 123, 375 (1038). 

«« Cori’and Cori. ibid.. 131. 397 (1939). 

im Haworth. Heath, and Peat. J. Chan. Soe.. 55 (1942). 
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Experiments with potato phosphorylase u$ show that the cqililih- 
rium reaction Starch + Inorganic phosphate ^ Glucose-1-phospliale is 
mainly dependent on the relative concentrations of inorganic phosphate 
and glucosc-l-phosphate. The concentration of polysaccharide has no 
influence on the equilibrium provided that a certain minimum concen¬ 
tration is exceeded. This is attributed to the fact that the polysaccha¬ 
rides are very large molecules and are decomposed by a progressive 
removal of terminal glucose units without altering the number of reacting 
groups. The equilibrium also depends on the hydrogen-ion concentra¬ 
tion because glucose-1-phosphate is a stronger acid than orthophosphate. 
Thus, using starch and potato phosphorylase, Hanes and Masked 136 
showed that, when the pH value is varied from 5.0 to 7.0, the ratio of 
inorganic phosphate to ester phosphate decreases progressively from 
about 10.8 to 3.1. A similar hydrogen-ion concentration effect is found 
by Con and Cori 136 in the case of glycogen and animal phosphorylase. 
The ratio of concentration of inorganic phosphate to glucose-1-phos¬ 
phate, reached from either side, is 5.7 at pH 6.0 and 2.7 at pH 7.6. 

The ready reversibility of the phosphoro^'sis reaction is due to the 
fact that the energy of the C—O—P linkages of glucose-1-phosphate 
(1800 cal.) is approximately the same as that of the glucosidic linkages of 
the polysaccharide. This implies that the AF 0 for the phosphorolytic 
reaction must be very small. 


ARSENOLYSIS OF STARCH 

Arsenate can be substituted for phosphate in the breakdown of starch 
by phosphorylase. 1 ” However, with arsenate there is no accumulation 
of glucose ester, but the starch is converted entirely to glucose according 
to the reaction 

Shrch + H,0 Glucose 


It is believer! that an intermediate glucose-l-arsenatc is formed which 
is so unstable that it immediately decomposes to glucose and arsenate 
‘he areenolysis of amylose and amylopectin proceeds to different 
limits. Whereas amylose is almost completely decomposed to glucose 

.WcTh H P r SPh ,° r> T ,n the presence of *****«'• amylopectin is 
degraded to the extent of approximately 54%.'” Similar limits of degra¬ 
dation are observed when the two potato fractions are degraded through 

Hanes and Maskcll. Bu>chem. J., 36, 76 (1942) 

*** Cori and Cori, J. Biel. Chem., 135, 733 (1940) 

D0Ud ° r0f '' • VW '' 96 K “* -1 Hassid, Arc*. BCa- 
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0-amylase hydrolysis, 1 * 40 or through phosphorolysis employing potato 
phosphorylase. The amylopectin apparently cannot be broken down 
completely because of the 1,6-linkages which act as obstructions for 
the enzyme. The difference in behavior of potato phosphorylase towards 
the amylose and amylopectin components of starch constitutes further 
evidence that the former component is linear and the latter branched. 


SYNTHETIC POLYSACCHARIDES 


Muscle phosphorylase and potato phosphorylase both synthesize 
polysaccharides in vitro which are similar to the amylose fractions of 
starch. 134 - 134 The phosphorylase from skeletal muscle has been obtained 
by Cori and his associates 127 ns a crystalline protein of 340,000 to 
400,000 molecular weight. Phosphorylase from potato thus far has not 
been obtained in the crystalline state. Like amylose, the synthetic 
polysaccharides are only slightly soluble in water after they have been 
reprecipitated with ethanol; they rapidly retrograde from solution on 
standing and produce a sharp x-ray V-typc diffraction pattern. These 
polysaccharides are completely converted to maltose by /3-amylase; they 
give a very intense blue color with iodine and have a low activating 
power on muscle phosphorylase. Data obtained by the end-group 
method show that, like amylose, the synthetic starches arc made up 
of unbranched chains of glucopyranose units. ,K 134 

In contrast to muscle phosphorylase, the heart and liver phosphory- 
lases form a polysaccharide ,34 * in vitro which resembles natural glycogen 
in solubility, amorphous nature of its x-ray diffraction pattern, reddish 
brown coloration with iodine, and strong activating power for phos¬ 
phorylase. The relatively impure enzyme preparations of liver and 
heart apparently contain, in addition to the phosphorylase which pro¬ 
duces straight-chain polysaccharide, another factor capable of forming 
branched chains. Two such synthesizing enzymes apparently also exist 

in plants. , 

Cori and Cori 139 demonstrated that the synthesis of branched gly¬ 
cogen from glucose- 1-phosphatc is the result of the collaboration of two 
enzymes, one of which produces chains having a-l,4-glucosidic linkages 
and the other forms 1,6-glucosidic linkages at the points of branching. 

Haworth, Peat, and Bourne 140 showed that two such similar enzymes 
exist in the potato. They succeeded in obtaining a preparation from 


»» Hassid, Cori. and McCready. J. Biol. Chem., 148. 89 (1943). 

Bear and Cori. ibid.. 140. Ill (1941). 
w» Cori and Cori. ibid.. 161, 57 (1943). 

140 Haworth. Peat, and Bourno. Nature. 164. 236 (1944); Bourno 
Soc.. 877 (1945); Bourne. Mocoy. and Peat. ibid.. 882 (1945). 


and Peat. J. Chem. 
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this source containing a 1,6-linking enzyme which in conjunction with 
potato phosphorylase catalyzes the synthesis of amylopectin from glu- 
cose-l-phosphate. This 1,6-linking enzyme is referred to as the “Q- 
enzyme.” A combination of the Q-enzyme and potato phosphorylase 
acting upon glucose-1-phosphate yields a branched polysaccharide re¬ 
sembling amylopectin. The Q-enzyme acting alone also converts linear 
amylose into branched amylopectin. 141 Inasmuch as inorganic phosphate 
is not required for this reaction, the Q-enzyme is considered a non- 
phosphorolytic enzyme. 

GLYCOGEN 


Glycogen is primarily the reserve polysaccharide of the animal world. 
It is found particularly in the muscle and liver cells of animals and 
shellfish (scallops, oysters). Because of its close relationship to starch 
it is often called “animal starch,’’ although a substance resembling 
animal glycogen is present in some lower plants like fungi, yeast, and 
bacteria. The starch of one higher plant, sweet corn ( Zea mays), has 
been found to contain a glycogen-like fraction. 1 ** In contrast to starch, 
which occurs in plants in granular form, glycogen is distributed through¬ 
out the protoplasm and is not morphologically differentiated. It is 
soluble in cold water, forming opalescent solutions. When stained with 
iodine glycogen produces a violet to brown color. 

The most important structural feature common to starch and glycogen 
is the a-l,4-gIucosidic linkage. This linkage is responsible for the simi¬ 
larity in specific rotation ([a) D +190° to +200°) which starches and 
glycogens and their derivatives exhibit when dissolved in the same 
solvents. The similarity in biochemical and physiological behavior of 
starch and glycogen may also be attributed to the fact that these poly¬ 
saccharides possess this common structural characteristic. Glycogen is 
attacked by the same plant amylases that attack starch and like starch 
is degraded to maltose and dextrins. Both glycogen and starch arc 
broken down by animal or plant phosphorylase in the presence of in¬ 
organic phosphate with the production of glucose-1-phosphate. 

On hydrolysis of methylated glycogen, 2,3,6-trimethylglucose is ob¬ 
tained as the main product, together with about 9% of 2,3,4,6-tetra- 

5Sk ;; A 9M,T33l En,ym0 ' 0Sy -" V °'- XI ' « ,itad by N '“ d ' Publish^, N« 

voi” m— £ crsssfscz 

lMj Hassid, JWrffen Proc.. 4, 227 (1945); Ball. Biol, ft^. 23, woTmS) ‘ 943> ' 
Morns and Morns. J. Biol, Chan 130 tea Mo-im u • , ... ’ 

CW Soc., 63, 1632 (mi); Meyer aad Fuld. H J,. Chin. Cw(lS' ^ ^ 



948 


ORGANIC CHEMISTRY 


methylglucose and a similar amount of dimethylglucose, probably the 
2,3-dimethyl<lerivative. w However, in a few cases, the amount of tetra- 
methylglucose obtained from methylated glycogen was observed to be 
7%- 145 These data indicate that glycogen possesses a branched struc¬ 
ture consisting of chains of twelve or eighteen glucopyranose units and 
that the attachment of the branches takes place through the 1,6-linkages. 
Additional evidence to support the existence of 1,6-gIucosidic linkages 
in glycogen is given by Wolfram and O’Neill. 146 By partially hydro¬ 
lyzing glycogen with acid and acetylating the products, these authors 
isolated 0(a-i)-glucopyranosyl]-/3-D-glucopyranose octaacetate (/9-D-iso- 
maltose octaacetate) from the hydrolysis mixture. The structure of 
glycogen is similar to that of amylopectin except that its branches are 
shorter. Haworth, Hirst, and Isherwood 147 proposed a “laminated” 
formula for glycogen with single branching, which corresponds to that 
of amylopectin (Fig. 7). 

As with amylopectin, Meyer and Fuld 146 believe that glycogen is 
made up of multiple rather than single branches. This view is based 
on methylation data as well as on the conclusion drawn from the manner 
in which glycogen is degraded by /9-amylase. Methylated glycogen, 
assayed by the end-group method, contains one terminal glucose unit 
per eleven glucose residues (9% tetramcthylglueosc). When glycogen 
is subjected to hydrolysis by /9-amylase, 47% is degraded to maltose. 
On methylation and hydrolysis of the 53% of residual dextrin that has 
resisted the /9-amylase, 18% tetramethylglucose is produced, which is 
equivalent to one terminal group per ever}* 5.5 glucose units. This 
indicates that the outer branches of the glycogen molecule, which are 
attacked by the enzyme, consist of six or seven glucose residues in 
a-l,4-glucosidic union; 5.5 of these residues are split off by 0-amylase, 
whereas one or two remain at the branching point, furnishing the 
terminal groups of the residual dextrin. Only short chains of an average 
of three glucose residues with free 2,3,6-hydroxyl groups are situated be¬ 
tween these glucose residues whose 6-position is occupied by a branch. 
This conception of a ramified structure can be represented by a diagram¬ 
matic formula (Fig. 12) similar to that of amylopectin (Fig. 8). 

Bell el al., M employing the sedimentation and diffusion technique, 
showed that glycogen is polydisperse and that the average molecular 
weights of samples of muscle glycogen are of the order of 2.4 X 10 to 

••• Haworth and Arrival. 7. (turn. Soe.. 2277 (1932); Boll. Bioehem. 7.. 29. 2031 
u» Bell, Bioehem. J„ 30,1612 (1936): Halsall. Hirst, and Jones. 7. Chem. Soe.. 139! ( . 

!«• Wolfrom and O’Neill. 7. Am. Chem. Soe.. 71. 3867 (1949). 

Haworth. Hirst, and Isherwood. 7. Chem. Soe.. 577 (1937). 
h» Moyer and Fuld. Heir. Chim. Ada. 24. 375 (1941). 
u* Bell. Gut (round. Cecil, and Ogston. Hioehem. J.. 42. 405 (1948). 
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2.9 X 10 6 . Samples of liver glycogen gave molecular weights of 4.3 
X 10 6 to 4.4 X 10 6 . From sedimentation and diffusion constants, using 
the ultracentrifuge, Bridgman 150 found that rabbit glycogen is also poly- 
disperse, the molecular weights of different fractions varying from 3.9 
X 10 6 to 13 X 10 6 . Chargaff and Moore/* 1 employing the same tech¬ 
nique, found a molecular weight of 13.2 X 10° for avian tubercle bacilli 
glycogen. 

Bell el al point out that osmotic-pressure measurements lead to 
estimations of molecular weights that are considerably smaller than 



Fjg. 12. Meyer’s schematic representation of the branched glycogen. 


those obtained by sedimentation-diffusion methods. This is to be ex¬ 
pected in view of the polydispersity of the material, since osmotic pres¬ 
sure depends on the “number average,” whereas sedimentation and dif¬ 
fusion depend on the "weight average,” of molecular weight. However, 
osmotic-pressure measurements made by Meyer and Jeanloz IM on water- 
extractable glycogen from muscles disclose a minimum molecular weight 
of 6 X 10®, a value of the same order of magnitude as that determined 
by the ultracentrifuge technique. 

Viscosity, sedimentation, and diffusion measurements indicate 
that the glycogen molecule is not spherical. Its shape appears to be 
a flat ellipsoid with the ratio of the axes varying from one-eleventh 
to one-eighteenth. 

According to Willstatter and Rohdewald'» glycogen exists in the 
liver as two states: ( 1 ) free, extractable with hot water (lyoglycogen), and 
( 2 ) in combination with some protein which cannot be extracted with 
hot water (desmoglycogen). After the destruction of the protein mate- 

m 5![ idRman - J * Am - Chem • Soc . M, 2349 (1942). 

Chargaff and Moore. J. Bid. Chan.. 166. 493 (1944). 

« w e n e . r ,. a . HdB - Chim - Ada - 26 > 1784 (1W3). 

WiUuiitter and Rohdewald. Z. phptid. Chan., 225, 103 (1934). 
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rial with proteases or with alkali, the glycogen becomes soluble in water. 
These authors believe that the glycogen in the natural state is combined 
with some protein by a residual valence (secondary valence) to form 
what they call a “symplex.” However, Meyer and Jeanloz 162 working 
with insoluble high-molecular-weight muscle glycogen showed that it 
could not be entirely extracted with hot water because of mechanical 
inclusion in coagulated protein. The glycogen becomes extractable when 
the protein is removed, indicating that it is not chemically bound to 
protein. 
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INTRODUCTION 


A system is said to be explosive when it undergoes chemical reaction 
to form gaseous products in such a short time that high pressure is de¬ 
veloped within the confines of the system. Such a system, which must 
be thermochemically unstable, may initially be gaseous, liquid, or solid. 
In this chapter explosion in gaseous systems, such as the repetitive rela¬ 
tively mild explosions which are utilized to do useful work in an internal- 
combustion engine, will not be considered. The uses for explosives in 
producing noise and light for pyrotechnic purposes will also not be dis¬ 
cussed. The development will be limited to solid and liquid explosives 
used in confined spaces such as guns, rockets, shells, bombs, and bore¬ 
holes. No attempt will be made to discuss completely the several 
hundred commonly known explosives since they have been adequately 
treated elsewhere in works included among the general references. For 
example, the author has limited or avoided the chemistry of explosives 
which are described in the excellent book “Chemistry of Powder and Ex¬ 
plosives,” by T. L. Davis, in favor of developments since 1943 or topics 
which had not been released from secrecy restrictions in that year. 
Finally, explosions resulting from nuclear fission are not discussed in 

this chapter. 

HEAT OF EXPLOSION 


The energy of explosion can be measured by pressure variations with 
respect to time in a gun or bomb equipped with piezoelectric gauge when 
the explosion is relatively mild, as it is when gun propellant (gunpou^den>; 
are burned. Such pressures seldom exceed 30 tons per square inch. 1 hese 
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measurements are amenable to thermodynamic evaluation 1 with the aid 
of reasonable assumptions concerning gas composition during the pres¬ 
sure cycle and concerning the co-volume of these gases. A rough csl i- 
matc of the explosion energy from a high explosive can even be made in 
this way if the high explosive is incorporated with nitrocellulose into a 
standard powder composition. 

However, gauges have not been constructed to withstand the detona¬ 
tion of pure high explosives (100-5000 tons per square inch) under the 
conditions in which they will be used in practice. The best alternative 
device is the so-called ballistic mortar or pendulum, in which the recoil 
is precisely measured after explosion of a small (10-g.) charge in a heavy 
cannon containing a projectile of high mass inertia. However, the ex¬ 
plosion process is highly irreversible, and, since the confinement of the 
small charge is light, it may not represent the behavior of the explosive 
in ordinary use.* In another device, the Trauzl block, a 10-g. charge is 
detonated within a borehole in a lead block tamped with sand, and the 
enlargement of the borehole is measured. Although the expansion of 
the gases approaches reversibility more closely than in the ballistic 
mortar, the inexactness of this method can be realized when one finds 
that the shape of the enlarged hole varies from cylindrical to spherical, 
depending on the rate of detonation of the explosive. 

It is thus evident that no small-scale measurement can be made ac¬ 
curately of the energy of high explosion, and the chemist therefore turns 
to thermochemical calculation. Explosive power may be defined suc¬ 
cinctly as the work associated with the reversible adiabatic expansion 
of the gases from isochoric decomposition of an explosive. A numerical 
value for this power should then be calculable from the heat of formation 
of the explosive and the thermal properties and interaction equilibrium 
constants of the products of its decomposition. 

The atomic heat of formation may be calculated from known atomic 
bonding energies and resonance energies when they are available. 3 
Sometimes the resonance energies are implicit in group energies. For ex¬ 
ample, the nitro group is said to have an energy of 241 keal. per group if 
it is linked to carbon or to oxygen, but when it is linked to nitrogen the 

(1950)° rncr ThCOry of lho Inlerior Ballistics of Guns." John Wiley A Sons. Now York 

• At best all laboratory tests only approximate evaluation of an explosive under service 
conditions. and some investigators prefer to apply these service tests at an early stago in 
the development of an explosive. See Cole. "Underwater Explosions." Princeton Uni- 
Versity Press. Princeton. N. J. (1948). for details of a typical service test and for a review 
of the theory of detonation. 

nalm auling ’ “**'"** ° f th ® Chemical Bond " University Press. Ithaca. N. Y. 
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energy is 210-225 kcal. per group, depending on whether the nitro group 
is linked to amido or amino. 

The calculation of the energy required for disruption of gaseous tri¬ 
nitrotoluene into its atoms is typical. 


3 (C=C at 100 kcal.) 300 

4 (C—C at 58.6 kcal.) 234.4 

5 (C—H at 87.3 kcal.) 436.5 

1 (Bcnzenoid resonance) 40 

3 (C—NO* at 241 kcal.) 723 


Atomic heat of formation 1734 kcal. 


This heat of formation from atoms is converted to heat of formation 
from standard states (carbon gas to diamond, 124.3 kcal./g. atom; H 
atom to 5 II 2 , 51.7 kcal./g. atom; N atom to §N 2 , 85.1 kcal./g. atom; 0 
atom to \0 2t 59.1 kcal./g. atom) by the calculated subtraction 

Q,(g) - 1734 - S70.1 - 258.5 - 255.3 - 354.6 - -4.5 kcal. 

If the heat of sublimation is known ( L, for crystalline TNT at 25°C. 
is -18 kcal./mole), the heat of formation may be evaluated for the 
crystalline state. Otherwise, it may be estimated roughly by the Trou- 
ton or Nernst rule . 5 For TNT, Q,(s) = -4.5 + 18 - 13.5 kcal./molc. 
If this value is subtracted from the heat of combustion of the seven car¬ 
bon atoms (7 X 94.5 kcal./g. atom) and 2.5 hydrogen molecules (2.5 X 
08.3 kcal./mole), a calculated heat of complete combustion to carbon 
dioxide, water, and nitrogen of 818 kcal./mole is obtained. I his com¬ 
pares favorably with the observed value of 816 kcal./molc. In the fre¬ 
quent cases where the group or resonance energies are not known one 
may, of course, determine directly the heat of combustion in the calori¬ 
metric bomb and, indeed, evaluate hitherto unknown group energies. 

Translation of the heat of formation into heat of explosion is not 
simple. The composition of the gases over the expansion range in which 
the explosive is effective cannot be measured, and calculation of the 
numerous equilibria is exceedingly tedious and inexact. The water-gas 
equilibrium is, of course, largely pressure-independent, 

CO + HjO «=± C0 2 + H, 


but the producer-gas equilibrium 

C + COa *=* 2CO 

is neither pressure- nor temperature-independent. 


One must assume 


* Belyaev and Yuzcfovich. Cta* rmd. acc4. .ci. U*^™*}* ^ 

* Schmidt, z. gta. SchUaa- u. Sprcngaloffw.. 29. 2o9-26G. 296-301 ( 
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that the gases are in equilibrium at their lowest useful temperature, 5 and 
the presence of such gases as nitrogen oxides and hydrocarbons (the com¬ 
bined percentage of which is below 5%) is ignored. Certain empirical 
rules have been formulated to specify the ratio of end products of an ex¬ 
plosion,® but they cannot be said to be very reliable. 

An approximate evaluation of the heat of explosion of a simple example 
(TNT) has been made on the basis of the composition of end products 
after expansion to atmospheric pressure and temperature reduction to 
25°C. 7 Neglecting the minor products such as methane, nitrogen oxides, 
and ammonia, the remainder conforms with the equation 

CtH»X« 0< — 3.5C + 2.7CO + 1.1C0* + 1.1H, -f 1.2H,0 + 1.5N* 

The heat of formation of the 170 lit cl's of end products (S.T.P.) per 
mole of TNT is calculated from standard states as follows: 


3.5 (diamond to amorphous carbon, -2.4 kcal./g. atom) -8.40 
2.7 (diamond to carbon monoxide, 2G.8 kcal./inolo) 72.3C> 

1.1 (diamond to carbon dioxide, 94.5 kcal./molc) 103.95 

1.2 (hydrogen molecule to water, 57.8 kcal./molc) 09.30 


Heat of formation from constituent elements, kcal./molc 237.3 


If the heat of formation of crystalline TNT (13.5 kcal./mole) is de¬ 
ducted from this, the heat of explosion becomes 224 kcal./mole or 1)87 
cal./g. The experimental value determined in the explosion calorimeter 
is 927 cal./g. Although better concordance may be obtained by assum¬ 
ing other gas ratios, the apparent improvement has little meaning 
because: 

1. The equilibria which must be considered have not been evaluated 
in the dense, highly imperfect, high-temperature gas mixtures prevailing 
during the effective explosion. 

2. In order that the explosion calorimeter may be able to withstand 
the shock of detonation, the charge must be small and not closely con¬ 
fined. The questionable assumption must therefore be made that the 
resulting gas composition will be representative of an explosive charge 
of practical size. 

The heat of explosion is ordinarily related to the ballistic mortar and 
1 rauzl tests when it is multiplied by the gas volume per gram and a modu- 

‘ Jon03 and Miller, Proc . Roy. Soc. {London), A194, 480-507 (1948). 

4 Lothrop and Handrick. Chcm. Rett.. 44, 419 (1949). 

' Robertson and Gomor, Proc. Roy. Soc. (London). A103, 539 (1923). 
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lus, 1.48 X 10~ 4 , if picric acid is assigned a standard value of 100. The 
power of TNT is thus calculated as 

Power = 927 X 728 X 1.48 X 10" 4 = 103 

while the experimental value is 95 in the Trauzl block and 87 in the 
ballistic mortar. The discrepancy is partly due to the fact that the 
product A// X 1 does not take into account the density of the explosive. 
The effective expansion of the highly compressed gases depends on the 
initial volume rather than on the weight of the explosive. Parentheti¬ 
cally, the benefit of high density in an explosive should be utilized by 
the research chemist. 

From the foregoing evaluation of a very simple explosive it may be ap¬ 
preciated that no accurate estimate of a new substance can be expected 
until actual service tests can be performed. Since such tests are ex¬ 
pensive of time, material, and equipment, the research chemist must de¬ 
vise qualitative estimates to aid him in his projected synthesis of useful 
explosives. 


QUALITATIVE ESTIMATION OF EXPLOSIVE TYPES 

It is convenient to operate on the concept that high explosion involves 
an expenditure of energy to disrupt molecular bonding into free atoms, 
the recombination of which will provide both the work of disruption 
and the useful work to which the explosive is put. Since one wishes a 
minimum expenditure of energy for disruption of initial bonding, it 
follows that those constituent atoms resembling each other most closely 
in electronegativity should be linked together. Thus, if possible, nitro¬ 
gen should be linked to nitrogen and carbon to carbon rather than by 
alternate nitrogen-carbon linkages. 

Hydrogen is always a desirable constituent atom in explosives because 
of the large gas volume per unit weight which it furnishes. Nevertheless, 
its absence is not entirely disadvantageous, because of the endothermic 
nature of carbon double and triple bonds. Thus the ratio of heats o 
formation of C—C, C—C, and C=C is known to be 1:1.7:2.1 rather 
than 1:2:3, which the formal structures would indicate. It is evident 
that less disruptive energy must be supplied to make carbon monoxide 
or dioxide from trebly or doubly bonded carbon compounds than Irom 
singly bonded com|>ounds. 

On the other hand, nitrogen-nitrogen double bonds seem to be mor 
than twice as firmly bonded as nitrogen-nitrogen singledbotris. 1 he 
bonding energy of nitrogen-nitrogen single bonds ca. 20 kcub pc k 
age) contrasted to the high bonding energy of molecular nitrogen its 
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(ca. 170 kcal./mole) recommends this saturated linkage wherever possi¬ 
ble in explosive compounds. 

Nitrogen in any form is desirable in explosives because it reverts to 
the highly bound nitrogen molecule without consumption of oxygen. 
When nitrogen is linked to carbon, the C=N group (94 kcal. per link¬ 
age) is better than C—N (49 kcal. per link, or more than half that of 
the double bond). However, the trebly unsaturated cyano group (150 
kcal. per group) is only slightly less efficient than the saturated carbon- 
nitrogen link (147/3 kcal. per linkage), and its use may he recommended 
because it usually imparts a stabilizing effect in the molecule. 

Oxygen, of course, is needed in explosives which contain hydrogen and 
carbon so that the energy of recombination to water and oxides of car¬ 


bon may be utilized. However, its inclusion to high “oxygen balance” 6 
must be made with discretion. Singly bonded carbon-oxygen requires 
high disruption energy (70 kcal. per link) compared with C—N or C—C, 
whereas doubly bonded carbon-oxygen (150 kcal. per link) is already so 
largely oxidized that its inclusion is of doubtful value. Actually, oxy¬ 
gen should be linked to an atom which differs from it less in electro¬ 
negativity than does carbon. Nitrogen is generally used for this pur¬ 
pose in groups such as nitro, nitrate ester, or, l>est, nitramino. Of course, 
the linkage of oxygen to itself (35 kcal. per link) is thcrmochemically 
very efficient in explosives such as peroxides and ozonidcs, but the 
questionable stability of these linkages has discouraged their use. The 
same may be said for oxygen supplied in nitroso or nitrosamino linkages. 

A further consideration must be made of oxygen balance in respect 
to the gas volume, which largely determines the practical usefulness of 
an explosive. Thus from this aspect carbon monoxide is more desirable 
than carbon dioxide although the heat of formation of the latter is greater 
Inrst, carbon monoxide possesses fewer internal degrees of freedom and 
hence will tend more toward translational and rotational kinetic energy. 
Second, each 12 g. of carbon in the explosive requires only 1G g. of com¬ 
bined oxygen to produce 1 molar volume of carbon monoxide, whereas it 
requires 32 g. of combined oxygen to give the same volume of carbon 
dioxide The difference is sufficiently great that oxygen deficiency ade¬ 
quate to produce free carbon may well be sought in order to establish 
e <* uilibr ! u "b C0 2 + C^2C0, in favor of carbon 
ne,,her oxide is - efficient as ,he — 


J“T Qmary . it “ ay be said that from *e thermochemical standpoint 
an explosive should contain atoms that differ as greatly as possible in 
e ectronegativity but that they should be linked, „ faf as possS n 
such a manner that resonance hybridization is avoided and so that ’ad- 
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jacent atoms differ as little as possible in electronegativity. An exten¬ 
sion of these precepts would suggest that the electronegative extremes 
should be segregated in separate substances, the mixture of which would 
comprise the explosive. The extremes would then be bound by rela¬ 
tively weak intermolecular forces rather than by covalency. The high 
power of tetranitromethane-benzene mixtures is illustrative. However, 
it must be borne in mind that, if coordination exists between the several 
molecular species comprising the mixture, the advantage will then 
disappear. 


RATE OF DEFLAGRATION AND DETONATION 

No account has yet been taken of the time interval during which the 
explosive reaction takes place. This rate, of course, must be sufficiently 
rapid that the heat evolved will more than sustain the reaction rather 
than be lost to the surroundings. Within this limitation the rate may 
vary between that of deflagration (which is relatively slow and occurs in 
the gases behind the zone of decomposition) and that of detonation 
(which occurs in the solid contiguous to the zone of decomposition). 

Thus when the explosive is confined in a gun it is necessary that the 
rate of reaction of this gun propellant be very low to avoid disruption of 
the gun barrel; furthermore, a low rate is desirable in order that an 
approach to reversible expansion of the gas will give the highest efficiency 
in this simple heat engine. A commercial explosive confined in a bore¬ 
hole must have a higher rate (low-order detonation, 1000-1000 meters 
per second) in order to utilize the lesser confinement, but since it is 
designed to move as much material as possible the rate of explosion must 
not be too high, or else the power of the explosive may be dissipated in 
comminution of the earth, rock, etc., which is to be moved. Finally, 
military high explosives will generally have a high rate of explosion (high- 
ordcr detonation, 4000-8500 meters per second). In this case disrup¬ 
tion is sought by creation of a compression wave that is sufficient!) 
faster than the velocity of sound in the medium to be 
its clastic limit is exceeded. Succinctly, it can be said that all materia, 
are brittle in front of a sufficiently fast compression wave, 
property of disruptiveness is termed “bnsance.” * 

uniform M nd .« lea, S in. ‘nT.K H •" — “ 

in the plate .f imt.at.on .a effected t» u stan mru lho tcst can 

rr *>—— 

brisance for a certain thickness of explosive. 
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In contrast to the experimental determination of energy release of an 
explosive, the rate of explosion can be measured with a precision better 
than 2%. The explosive burning of propellant in a gun is measured with 
piezoelectric quartz or tourmaline crystal gauges by the pressure change 
with respect to time. The calculation is facilitated if the explosive 
burning is carried out at constant volume in a vessel called a time-pres¬ 
sure bomb. 

When the rate of explosion reaches the detonative level, where steel 
and gauges will not withstand the shock, other means of measurement 
must be used. The simple method of Dautriche 8 has largely been super¬ 
seded by the absolute and more precise method involving high-speed 
photography. The image of the self-luminous zone advancing down a 
bar of detonating explosive is focused on 35-mra. photographic film 
which is inside a rotating drum with a peripheral speed of 180 meters 
per second. 9 A variation of this apparatus has been reported 10 and, 
more recently, elaborated." It utilizes film inside a horizontal stationary 
drum at the center of which is a mirror rotated by an air-driven air¬ 
borne turbine at such a rate that the circumferential image speed which 
the mirror passes to the film is 2000 meters per second. The detonation 
zone image thus moves vertically from one edge of the 35-mm. film to 
the other; if its speed were infinite, or if the circumferential image speed 
were the same as that of the detonation zone, the detonation luminosity 
would trace a straight line across the film. In so far as the known speed 
of the mirror moves the image at a rate different from that of the det¬ 
onation, the line will incline. The slope of this line will designate the 
rate of detonation. 

Some of the phenomena observed during such rate studies arc listed 
below. 

1. It is found that the rate increases linearly over a large range of in¬ 
crease in the density of the explosive, although with certain explosives 
the rate may finally decrease as they become “dead-pressed.” 

2 . Those explosives which have a low heat of explosion and/or produce 
a relatively small amount of end-product gases have low detonation rates. 

3. As the diameter of the charge is decreased below 30 mm., the rate 
falls off until detonation fails completely at some minimum diameter 
characteristic of the explosive. 

4. The detonation rate becomes irregular when the particle size of a 
single explosive substance becomes large. 

' Dautriche. Compt. rend., 143, Ml (1906). 

* Cairns, Ind. Eng. Chcm., 36. 79 (1944). 

!' J! Cnt *° l " nd Hu^cnard. J. phye. radium, (6) 8, 433 (1927). 

Herzbcrg and Walker. iVoZure, 161, 647 (1948). 
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5. The detonation rate becomes slower in heterogeneous explosive 
mixtures as the particle size of the ingredients becomes larger. 

6 . Explosives not in the initiator category will burn fiercely but 
usually will not detonate when they are ignited unconfined and well 
dispersed at atmospheric pressure. 

7. When detonation is initiated by moderate shock from another ex¬ 
plosive charge, the rate does not reach its maximum until detonative 
decomposition has progressed at least 1-10 mm., and sometimes farther, 
into the explosive. Moreover, it reaches this maximum suddenly. 

On these bases it is thought that the effect of a detonative initiator on 
an explosive is to start a compressional wave ,l ' ,s through the stick of 
explosive at some rate less than the velocity of sound in that explosive. 
At the point of initiation the adiabatic compression increases the tem¬ 
perature until decomposition resembling a low order of detonation occurs. 
The shock wave consequent on this initial low-order detonation will be 
faster than the initial wave since the second is superposed on the first. 
With progressive continuation of this process there will come a time 
when the wave fronts of increasing speed will overtake each other to 
produce a cumulated wave of such intensity that a temperature sufficient 
to produce appreciable radiation luminosity will be reached. This is 
defined as high-order detonation. Its appearance will be expected to be 
sudden as the ellipsoidal summation of wave fronts tangentially de¬ 
creases in surface area to become a plane normal to the axis of detonat ion 
in the bar of explosive as shown in Fig. 1. Each wave front will, of 



Oi'eclton ot detonation 


Compression wave 


=== Rarefaction wave 

Flo. 1. 


course, be followed by a rarefaction phase which will exert a cooling ef¬ 
fect on the explosive gases. There will also be a cooling effect due to 
expansion of the products of detonation beyond the confines of the 


11 Chapman. Phil. Mag., 47, 90 (1899). 

««««• 

»» Eyring. Powell. DufTey. and Parhn. Chrm. Rcca.. 46 , 69 (1949). 
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charge, but this will be minimized as the diameter of the charge is in¬ 
creased. The rarefaction will be compensated by the pressure developed 
in the formation of end-product gases. The extent of this compensation 
will determine the limit to the speed which the compression wave can 
attain. Thus gas pressure will define the steady state of detonation 
rate. 

At the steady state (but only when this maximum has been reached) 
the pressure of the gases will have a further significance, since the rate 
will depend on the velocity of sound in these highly compressed gases 
behind the detonation front rather than on the velocity of sound in the 
as-yct-unexplodcd material. There will, of course, be a dependence of 
the gas pressure on the density of the unexploded material. But it fol¬ 
lows from the foregoing explanation that the density of the explosive is 
only indirectly connected with the density of the end-product gases via 
the detonation process itself. 

Thus, if any change in detonation pressure occurs owing to constric¬ 
tion of charge diameter or inhomogeneity of the charge (as at an inter¬ 
face), the rate will tend to decrease as the rarefaction wave overtakes 
the detonation. Furthermore, this decrease will be cumulative, so that 
the detonation may decrease to a low-order rate, or it may die out sud¬ 
denly and completely. Neither of these phenomena is uncommon. They 
attest to the instability of the steady state of detonation rate. 


This brings into consideration the thickness of the detonation zone. 
A short zone can be determined reasonably well by detonation of the ex¬ 
plosive charge parallel with, rather than vertical to, the direction of 
image travel on the photographic film of the rate camera. For this pur¬ 
pose the mirror speed is set to give an image speed equal to that of the 
detonation rate. A long zone is less easy to determine, owing to con¬ 
fusion with the luminosity caused by the shock wave in the air around 
the explosive. This luminosity can, however, be minimized if the 
detonation is carried out in propane or butane. Either of these gases 
has a large number of degrees of freedom, and hence a shock wave does 
not cause the surrounding atmosphere to luminesce. 

The greater the length of the reaction zone, the lower will be the rate of 
detonation and the less stable will be the rate. This might be expected 
since the detonation pressure at the wave front will decrease as the zone 
becomes longer. The zone may be long because of either mechanical or 
chemical reasons. It tends to become long when the particle size of 

of a r™tT 15 T • may infer fr0m this that tl,e ^composition 

woolSh "h 0C r at itS SUrfaCe: thereforc a ' ar SC crystal 

wouldst.ll be decomposing after its small counterpart had disappeared 

Furthermore, perfect crystals detonate with a longer reaction zone than 
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imperfect crystals. This may be clue to faults or active centers in the 
imperfect crystals which induce explosive decomposition. Finally, the 
length of the reaction zone seems to be related to the thermal stability 
of the explosive. It will subsequently be shown that all these factors 
which contribute to the length of the detonation zone are related to 
the sensitiveness of the explosive to shock and therefore to the ease of 
decomposition. 

When the composition of the explosive is such that its heat of ex¬ 
plosion is high, the reaction zone always is short, so that the problem of 
continuity of explosion is minimal. The design of commercial explosives 
is much more difficult since low heat of explosion is sought for this type 
in order that constructive rather than destructive effects may be at¬ 
tained. To avoid the erratic behavior of a long reaction zone the com¬ 
mercial explosives chemist must achieve a balance in mixtures of ma¬ 
terials with low and high sensitivity, small and large particle size, and 
by careful regulation of density. He has further the problem that de¬ 
flagrating types, though more reliable than low-detonative types in re¬ 
spect to continuity of explosion, tend toward the production of noxious 
end products which may be physiologically hazardous. 


SENSITIVENESS OF EXPLOSIVES 

From the foregoing paragraph it is apparent that the detonation 
process is dependent on the ease with which an explosion can be initiated. 
This case of initiation is known as the sensitivity to impact, or sensitive¬ 
ness, of the explosive.” Not only does it specify in part how the sub¬ 
stance will explode, but, more significantly, it specifies when it will ex¬ 
plode. Unless the conditions under which the substance will explode 
can be controlled, it cannot usefully be employed as a practical explosive^ 
Sensitiveness may be measured by several methods representative of 
various practical conditions to which the explosive may be subjected. 
The results are not always concordant. The most widely used is prob¬ 
ably the impact test. A standard weight is dropped from variable 
heights on a hardened-steel striker. The striker comes into guided con- 
tact with a hardened-steel anvil behind which is a mass so large hat re¬ 
flection of the shock wave is suppressed. The explosive (often o-10 mg.) 
is placed between striker and anvil. Explosion, if it occurs, is noted by 
noise and smoke, or by gas-volume increase. Results are ^ra'.c unl 
the surfaces are free from grit, oil, corrosion, amJ erosion At best th 
results arc not reproducible lietween individual determinations, bu 

Copp. Napier. Na,h. Powell. Skelly. Ubbelohde. and Woodward. Tran.. Bop. &*■ 
(London), A241. 197-290 (1948). 
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reasonably reproducible results can be obtained if not less than 20 deter¬ 
minations are made at each height of fall. 

These results are best evaluated as probability functions by plotting 
the percentage of explosion obtained at each height of fall. Figure 2 
shows that this is a much better criterion of sensitiveness than the aver¬ 
age of the high fall at which explosion will occur and the low fall at which 
it will not occur. Thus cyclonite gives probability curve A in which 90% 
of the explosions occur within 7 cm. of height, whereas 90% of the ex¬ 
plosions with TNT (B) occur within 20 cm. of height. In these cases the 
average value would provide a fair criterion of safety in handling these 



Fig. 2. 


explosives, but the curve C for sensitiveness of amatol shows that the 
average value (100 cm.) is quite misleading. Here 90% of the explo¬ 
sions occur over a range of 60 cm., at least 10% occur at the average 
height for TNT, and a few occur below the height at which TNT (sup¬ 
posedly more sensitive) will detonate. These probability distribution 
curves should tell the worker with explosives that rough handling will 
eventually lead to disaster. Even ammonium nitrate (with or without 
up to 1% of organic matter), which is so insensitive that it usually is 
not classed as an explosive, has caused severe accidents about once in 
every 25 years. 

No two impact machines give the same results with all explosives, 
principally because the hardness of the parts differs and because the 
reflected wave from the base may be greater in one machine than in the 
other. 1 his reflected wave creates a multiple rather than a single impact. 
Even in the same machine the value cannot be duplicated if operators 
use varying amounts of explosive. This might be expected since the 
pile of explosive will exert a damping effect. Indeed, ultrasensitivity 
can be obtained m thin films of liquid, and low-melting solids will often- 

imn^n.1 Tf* Sen f t,vcness * the “acbme tends to give multiple 
impacts instead of a single one. But it must be realized that one does 
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not necessarily want a perfect machine; he wants a machine that will 
tell him how safely the explosive can be used in practice.* 

Certain very sensitive substances such as lead azide will, in the form 
of large crystals, frequently explode spontaneously. This is thought to 
be due to the energy released in small areas when strain is relieved by 
fracture along a cleavage plane. The phenomenon serves to show that 
heat generated at spots during comminution may be sufficient to initiate 
explosion. The friction created by shearing or grinding may be simu¬ 
lated by a hardened weight swinging on a pendulum tangential to a sur¬ 
face on which is placed the explosive (friction test), or, for less sensitive 
explosives, by a hardened weight which slides down a trough at definite 
but variable inclination to strike a glancing blow across a hardened sur¬ 
face on which is the explosive (friction-impact test). The data, tabu¬ 
lated in the same manner as for the impact test, do not always give the 
same value as that shown by impact. Thus the addition of aluminum 
(for the purpose of increasing the magnitude of the shock wave from an 
explosion) increases the sensitiveness to impact friction much more than 
to impact alone. This explains the known tendency of aluminized ex¬ 
plosive to detonate by a “nipping" action. It is definite that hard grit 
or even shreds of cotton wool sensitize an explosive toward friction im¬ 
pact. The necessity for the utmost cleanliness in the preparation and 
manipulation of explosives is obvious. 

The results obtained from a friction-impact machine are closely simi¬ 
lar to those from the purely practical test of firing a 30- or 50-caliber 
bullet through the explosive confined in metal containers. The prac¬ 
tical results are purely qualitative, yet a wealth of information can be 
gained when incomplete detonation is obtained. Various degrees of in¬ 
completeness are encountered from deflagration through almost noise¬ 
less explosion to low-order detonation. 

A satisfactory explosive should be safe to handle until the operator 
initiates detonation deliberately; then it should detonate without failure. 
This reliability is usually evaluated by the so-called gap, or influence, 
test. A certain quantity of initiating explosive (it may be a commercial 
detonator or a stick of standardized explosive such as dynamite or TNI) 
is arranged axially with the stick (20-30 mm. in diameter) of explosive 
to be tested and is spaced at a definite distance (contact, 20 cm., 40 cm., 
etc.) from it. The spacing at which failure (partial or complete) occurs 
with a certain amount of initiating explosive is the modulus of evalua- 


• The organic chemist may find during explosive, research that he cannot work safely 
amI efficient!'' because of delay in receipt of results from a standard impoc«^n,~ 
l■ Under such circumstances he will find that with a little practice, and «orre 
SfXh XXZ&Z* machine, he can develop .urpcain, „uam».ivo accuracy 
by use of a hammer and anvil in or adjacent to the laboratory. 
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tion. Sometimes the behavior of the initiated explosion is examined by 
the rate-of-dctonation camera. It is evident that the test also furnishes 
data on safe distances at which explosives should be segregated in order 
that sympathetic detonation will not occur if one is initiated by accident. 
Several generalizations may be drawn from a coordination of these 
sensitiveness tests. 

1. Explosives are less easy to detonate sympathetically at low tem¬ 
peratures than at high temperatures, and failure or low-order deto¬ 
nation may result. 

2. Liquids are usually easier to initiate than solids; furthermore, 
liquids become increasingly sensitive when they contain bubbles or dis¬ 
solved gases. 

3. A liquid may be desensitized by introducing a component that will 
form a gel; the more firm and cavity-free this gel is, the more inert is the 
explosive to initiation.* 

4. The more homogeneous a solid, the more difficult it is to initiate 
sympathetically; thus conglomerated crystalline TNT is more sensitive 
than cast TNT. Cast TNT is most insensitive when the casting con¬ 
tains no cavities. 

5. Sharp, brittle crystals are more sensitive to initiation than softer 
or more flexible crystals. 

A thorough understanding of these generalizations enables the ex¬ 
plosives chemist to utilize to best advantage the substance which he has 
synthesized. Thus he will ascertain the amount of initiation his sub¬ 
stance requires to insure high-order detonation under the extremes of 
weather conditions which it will encounter in use. He will avoid low- 
melting explosives if they are likely to meet temperature conditions 
where they may liquefy, even partially. If he desires low sensitiveness, 
he will cast his explosive or extrude it so as to eliminate cavities, and he 
may include it in a gel. Finally, he will desensitize by making his ex¬ 
plosive system soft or waxy rather than hard or fragile. This may be 
done actually by the introduction of waxes that will wet and coat the 
sharp edges and apices of crystals and will fill, to some extent, the inter¬ 
stices among the crystals. Water is a desensitizing agent for many ex¬ 
plosives, probably because it fills the air spaces between crystals. Proc¬ 
esses of desensitization are known in explosives parlance as phlee- 
matization. 


• Nitroglycerin has long been desensitised in this way by gelation (plasticisationl with 

""T r* 1 "* ge,otin dyn,mit “- In ~ ISTSSfitot 

rdito) when the gel is prossure-extruded. it is so inert toward impact or sympathetic 

^liv.fej u '• nitrOCdWow ' fibrous form is very 

tZ JcoM ' “ “ *' U ' d * —Porstiou of its colloids! solution in 
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THEORY OF EXPLOSION INITIATION 

A reasonable theory of explosive initiation may be derived from these 
factual observations. One assumes fundamentally that initiation is 
caused by increase in temperature to the decomposition point of the ex¬ 
plosive. The demonstration that impact, by adiabatic compression, 
will increase the temperature is accomplished by noting the burned'spots 
on a very thin sheet of rubber that has been stretched between two im¬ 
pacting surfaces. The temperature at the few spots where such surfaces 
actually meet probably lies between 200° and 800°. If instead of a 
sheet of rubber one had interposed a comparably thin sheet of explosive, 
the burned spots on the rubber would represent foci in the explosive 
from which a self-supported thermal chain reaction would propagate, 
though it might not advance beyond the level of combustion and would 
probably die out because of contact with the metal surface. The de¬ 
generative effect would be minimized if initiation occurred at more than 
one spot simultaneously and created, by interaction, supported pressure 
waves generating the process of detonation which was described earlier 
in this chapter. The probability that this will occur is related to the fre¬ 
quency curves shown in Fig. 2. 

The sharp edges and apices of crystals provide a multiplicity of local¬ 
ized areas within the explosive which further augment the effect of 
localized energy transfer from the impacting metal surfaces. However, 
liquids and non-crvstalline solids have no such edges, so this explana¬ 
tion will not suffice for these states of matter. 

An instructive experiment has been carried out by F. B. ICenrick 17 
wherein the striker and the anvil of the impact machine have been re¬ 
placed bv a steel cylinder in which the explosive is confined by a mercury 
piston. A steel piston confines the mercury, and a blow from the falling 
weight thus transmits a pure compressional impulse to the explosive. 
It is found that soft, friable explosives like tetryl seem to exhibit a sensi¬ 
tiveness at least as great as they do under direct impact, while hard, 
dense explosives such as lead azide show much less sensitiveness than 
they do under direct impact. Indeed, the sensitiveness of the azide 
when situated above the mercury is closely comparable with that of 


^ These results seem to show that in the absence of friction the action 
of impact is that of adiabatic compression. This tends rapidly to raise 
the temperature of part of the explosive to the decomposition point. 
The initiation to the maximum rate of detonation follows by an enhan 
ment of this adiabatic compressional wave from the magnification 


• 7 Kcnrick. private communication. 
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the decomposition process. Liquids ought therefore be more easily 
initiated than solids because they are more compressible, especially 
when they are saturated with gases. On the basis of initiation by adia¬ 
batic compression the air in the interstices of granular solids ought to be 
heated strongly; this heat may Ik? absorbed by the edge or apex of a 
crystal where conduction to the mass is minimized. This localized high 
potential provides a focus from which the detonation can propagate. 
The phlegmatizing action of waxes by coating of the crystals and by 
filling of interstitial cavities conforms with the theory. It also explains 
the desensitization of gels and homogeneous castings when they arc 
rendered free from cavities. 


COMPOSITE EXPLOSIVES 


Black Powder and Its Modifications 


Black powder is the oldest explosive; since the first record of its use 
in the eighth century its composition has changed little from the 
6:1.2:0.8 ratio of potassium nitrate, charcoal, and sulfur which was 
early designated as its composition. It is prepared by grinding together 
these ingredients, slightly moist, in an edge-runner mill, then breaking 
up the dried cake to a definite mesh, and “polishing" by a tumbling 
process. One of its early uses as a coal miner's explosive continues to 
this day because of its very low rate of detonation * (300 meters per 
second), which prevents shattering of the coal. Sodium nitrate replaces 
the potassium salt, in this blasting powder. 

The chief use of black powder has been that of a propellant in guns 
and rockets. It has been replaced for this purpose only within the past 
hundred years because of the excessive white smoke and corrosive solids 
that it produces on burning. Otherwise, it possesses an advantage not 
enjoyed by many modern powders: a small temperature and small 
pressure coefficient of burning rate. This is due to its heterogeneous 
nature; the combustion rate is defined by the boundary reaction among 
the several ingredients. A great advantage accrues from this limitation; 
it must not be assumed that the use as gun propellants of composite 
explosives like gunpowder is obsolete, although disadvantages such as 
smoke, hygroscopicity, and low potential must be overcome. 

Since heterogeneity of oxidizing and reducing components is the sig¬ 
nificant principle, there may be a great choice of ingredients in such 
composite explosives. Such variants are not unknown; thus the Aus- 


• Such velocities loss than or coraparablo with the velocity of Rn.mH in 
ond products arc properly classed as rates of deflagration rather than of detonaW* 001 * 3 
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trian “ammonpulver” consisted of 85% ammonium nitrate and 15% 
charcoal. It was flashless, and absence of metal nitrates reduced the 
smoke to an acceptable minimum. The problem of hygroscopicity was 
solved, in part, by the addition of small amounts of aromatic nitro com¬ 
pounds, but this disadvantage will always exist with ammonium nitrate. 
In addition, this salt undergoes polymorphic changes which cause dis¬ 
integration of the powder grains. 

The suggestion by Davis (Gen. Ref. 2, p. 50) that the non-hygroscopic 
guanidine nitrate, which is ballistically more efficient than ammonium 
nitrate, be employed in heterogeneous powders has considerable merit. 
Ammonium perchlorate has been used as the oxidizer of charcoal, but 
it is not acceptable in guns owing to corrosion. The replacement of 
charcoal as a reducing agent is worth while because its specific texture 
is difficult to reproduce on the quantity basis. It has, indeed, been 
replaced by ammonium picrate in the so-called Poudre Brug£re. 

Composite explosives have been used extensively in the high-explosive 
field when detonation rate is to be regulated. Typical are TNT-ammo- 
nium nitrate compositions, called amatols, and TNT-ammonium nitrate- 
aluminum mixtures, called Ammonals. 


NITRATE ESTERS 


Nitro Starch and Nitrocellulose 

Starch was the first hydroxy compound to be esterified with nitric 
acid; 18 a few years later cellulose (as cotton) was esterified with nitric 
acid-sulfuric acid mixtures. Both nitrated macromolecules were difficult 
to stabilize by removal of oxidation products and/or sulfate esters. This 
difficulty might have been anticipated since both esterification and 
hydrolytic purification are heterogeneous reactions involving diffusion 
into fibrous macromolecules. But all carbohydrate nitrates are unstable. 
JOxcept for mannitol hexanitrate, which has a limited use as a component 
in detonators and explosive rivets, only the two nitrated polysaccharides 
are in practical use. Of these, nitrocellulose is by far the more im¬ 
portant. Large-scale techniques for nitration and purification have 
been worked out and even applied to wood pulp. Probably this ester, 
too, would be obsolete were it not for its unique property of forming 
gels that can be molded or extruded. 

Concurrent with the discover)' and development of nitrocellulose 
Sobrcro (1846) produced glyceryl nitrate from glycerol 
sulfuric acid mixtures. It is an .mportant compound m explores 

«• Braconnot, Ann. chim. el phyt.. 62, 290 (1833). 
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technique because of its cheapness and high potential, but its unrelia¬ 
bility and instability (about the thermal stability of nitrocellulose) 
created much havoc during its early use. 


Nitroglycerin 

Glyceryl trinitrate melts at 13.2-13.5° (a labile polymorph melts at 
1.0-2.2°) and hence will be solid under many practical conditions of 
operation. Although it is very sensitive toward friction-impact, the 
solid “nitroglycerin” is much less sensitive toward deliberate sym¬ 
pathetic initiation than the liquid. In consequence, such nitroglycerin 
was sometimes only partly detonated, with subsequent risk of accident 
to workers who cleared the site of explosion. Even liquid nitroglycerin 
was found to detonate in an erratic manner. Sometimes with poor 
initiation it assumes a rate as low as 1600-1900 meters per second, and 
at this rate the explosion might die out. When well initiated its rate 
is 7760 meters per second at density 1.60. A further fault of nitro¬ 
glycerin is its relatively high volatility (b.p. estimated at 248° under 
760 mm.); its vapors cause the violent headache characteristic of most 
organic nitrate esters. Immunity can be built up against this headache, 
but consumption of ethanol by nitroglycerin workers has in some cases 
led to disastrous psychological consequences. 

Many of the faults of nitroglycerin were minimized by Alfred Nobel’s 
invention (1867-1875) of dynamites. In these commercial preparations 
the nitroglycerin was absorbed either into an inert base (guhr dynamite) 
or into a combustible mixture (straight dynamite) or, finally, into the 
interstices of a gel such as nitrocellulose (gelatin dynamite). The 
erratic detonative behavior of the liquid was thus minimized, probably 
because the viscosity and the elasticity were increased. This would 
increase the velocity of sound in the medium. The marked tendency 
of nitroglycerin to act as a gelatinizing agent for nitrocellulose led 
naturally from the gelatin dynamites to the “double-base” gun pro¬ 
pellants. These differed from the “single-base” gel of nitrocellulose 
alone by a nitroglycerin content of 58% or less. 

There is no doubt that explosives have done much more to build up 
the efficient complex economy of the twentieth century during peace 
than to tear it down during war. Nitrocellulose and nitroglycerin arc 
the substances that have contributed most to the common good. How¬ 
ever, it is a mistake to infer from this that they are explosives of excel¬ 
lence. It would be more exact to extol the ingenuity, skill, and courage 
of the men who made and used the explosives containing these ques¬ 
tionable substances. 
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These explosives were used because they were cheap. Explosives 
must be cheap enough to be used in large quantity because, contrary to 
a common misconception, they are not enormous sources of concen¬ 
trated energy. Instead, they are mediocre sources of energy which can 
operate in a concentrated interval of time. A pound of coal which can 
utilize the oxygen of the air must necessarily be able to deliver more 
energy than a pound of explosive which must also include the oxygen 
required for its combustion. 

Aside from low cost there is little reason to recommend most organic 
nitrate esters. Thermochemically they contain an oxygen linked to 
carbon, and such bonding is relatively inefficient. Thermally they are 
unstable, and they decompose to give aldehydes or ketones and the 
decomposition products of nitrous acid. 1 * 

R' R' 

I I 

R—C—O—NO, — R—0=0 + HNO, 

I 

H 


The decomposition is autocatalytie since it is accelerated by nitrogen 
oxides. Of course, this is not entirely a disadvantage; thus it is evidently 
the first phase of the combustion at the surface of gun or rocket pro¬ 
pellant. If this decomposition were not easy, the quick ignition and 
rapid rate of burning necessary for projectile acceleration to 500-4500 
ft./sec./scc. would not be possible. Nevertheless, the thermal stability 
of many organic nitrates is so low that they could not be used reliably 


if it were not for the introduction of stabilizers. 

Stabilizers are substances which consume nitrous acid or its decom¬ 
position products. Such “anti-acid” addends as calcium carbonate 
are used but are not very efficient since the chalk particle may not be 
present at the “focus of infection” where autocatalytie decomposition 
is starting to occur. A better stabilizer, which is used for nitrocellulose 
alone, is diphenylamine. This substance acts to consume nitrous acid, 
being converted first into diphenylnitrosamine and then to 4 -nitroso- 
diphenylaminc. The N-nitrosation is thus free to continue, while the 
C-nitroso groups are oxidized or nitrated to C-nitro groups. 20 

When nitroglycerin is present in a gun propellant, it reacts too rapiciiy 
with diphenylamine to permit use of this stabilizer, and mOmUM* 
ureas or carbamic esters are employed instead. The best of these 
probably sr/w-diphcnyldiethylurca (ethyl centralite), which reacts wit 


19 Farmer. J- Chcm. Soc.. 117, 800 (1920). 

*o Davis and Ashdown. J. Am. Chcm. Soc.. 46. 1051 (1924). 
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nitrous acid to give N-phenyl-N-ethylnitrosamine, carbon dioxide, and 
water. This substance also acts as an efficient non-explosive plasticizer 
in double-base propellant. Since it is oxygen-deficient, its percentage 
can be varied within limits dictated by physical compatibility in order 
to adjust the potential of the powder. 

The concentration of any stabilizer must be checked by analysis in 
old gun propellant because, when it is consumed, the powder is unsafe 
in storage. This applies especially to polvnit roxy compounds like nitro¬ 
cellulose and nitroglycerin because nitrate ester groups on adjacent 
carbon atoms render the explosive less stable than when they are farther 
apart. 

Thermal Stability of 1,2- and 1,3-Dinitrates 

No adequate explanation has been brought forward to account for 
spontaneous nitrate ester decomposition. No chain reaction seems to 
explain the autocatalysis (decomposition of nitroglycerin in solution is 
independent of the concentration), and free radical chain breakers arc 
ineffective in arresting the decomposition. Phillips has related the 
lesser thermal stability of vicinal versus non-vicinnl nitroxy groups to 
the increase in entropy of activation when restricted rotation in 1,2-ni¬ 
trates disappears after fission of the first 0—N bond.* 1 

Phillips’ reported work to date would indicate that 1,3-dinitroxy 
compounds are thermally more stable than the 1,2-dinitroxy ana¬ 
logs. This seems to be borne out in practice. Thus the tetranitrate of 
2,2,5,5-tetramethylolcyclopentanone is thermally quite stable. The 
cyclohexanone homolog is also known,= as are the pentanitrates of the 
reduced ketones. 


H a C—CH, 

\ 


H a C—CH* 


0=0 + 4CHaO 


HOHjC CH,OH 

\ / 

HaC—C 

\ 

0=0 

HaC— o' 

HOHaC CH,OH 


0,NOHaC CH,ONOa 

\ / 

HaC—C 

\ 

0=0 

HaC— o' 

OaNOHaC CH,ONO. 


11 Phillips, Nature, 160, 753 (1947). 

n Friodrich and Flick. Gor. pat. 509.118 (1929) |C. A.. 25, 819 (1931)]. 
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The most stable nitrate ester having nitroxy groups in the 1,3-rela¬ 
tionship is pentaerythritol tetranitrate (PETN), 23 but its high stability 
may be due to its symmetrical structure. Its manufacture involves the 
action of formaldehyde on acetaldehyde, first as a methylolating agent 
and finally as a reducing agent according to the Cannizzaro reaction, 
and the nitration step is easy (95% yield). The condensation with 


C'HjCHO 


3CHjO 

-j 

(’a(OH)s 


CHjOH 

I 

HO—CHr—C—CHO 

I 

ch 2 oh 


CII-O 


OH CHjOH 

UNO, 

H *c-c—CH, —> 

HtSO« 

HOHjC OH 


OjNO CH 2 0N0 2 

I I 

H 2 C—C—ch 2 

I I 

o 2 noh 2 c ono 2 

PETN 


formaldehyde needs further study (yield 50-00%) before this explosive 
can gain widespread use. By-products such as 2,2,2,2',2',2'-hexamethyl- 
oldiethyl ether are difficult to avoid or remove from pentaerythritol and 
are deleterious to the explosive. 

The power and detonation rate of PETN arc slightly lower but 
comparable with that of cyclotrimethylenetrinitramine (cyclonite). 
PETN has the advantage over cyclonite of much greater solubility in 
molten TNT, with which it forms the useful mixture Pentolite. Unlike 
cyclonite, PETN must be used with dry TNT in order to avoid hy¬ 
drolytic decomposition. In the pure state PETN is quite sensitive to 
initiation; in admixture with a small amount of wax it has been used as 
an “exploder” to insure high-order detonation in insensitive explosives 
which would otherwise be poorly initiated. The high melting point 
(145°) excludes PETN from use as a plasticizer for nitrocellulose. 

Diethylene glvcol dinitrate (DEGN) is an ester in which the nitroxy 
groups are not vicinally substituted. It was used extensively by the 
Germans during World War II, despite its low explosive potential, 
because it is a good plasticizer for nitrocellulose and is thermally much 
more stable than nitroglycerin. The frequent fires caused when nitro¬ 
glycerin is used to plasticize nitrocellulose on hot incorporating ro 
in' the preparation of solventless gun and rocket propellant are thus 
avoided by plasticization of the nitrocellulose by DEGN. 

» Vignon ami Gerin. Compl. rend.. 133. 500 (1901). 
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ALIPHATIC NITRO COMPOUNDS 

Trimethylolnitromethane Trinitrate 

Large-scale production of nitroalkanes is so new that little work on 
explosive synthesis has been carried out, but future research may be 
expected because of the known explosive properties. Nitromcthane, 
for example, has a power higher than TNT but is much less sensitive. 
However, any nitroalkane with hydrogen atoms on the carbon alpha to 
the nitro group is acidic, and the salts are oftentimes very dangerous. 
Research will be directed, therefore, toward tertiary nitroalkanes, 
typical of which is trimethylolnitromethane trinitrate. 54 The thermal 
stability of this compound is much below that of PETN, or even that 
of nitroglycerin, so that it is not useful as a practical explosive. 

NOjCH, CHiOH CHjONO* 

+ KHC °‘> HOC Hi—C—NO, OiNOCH,—C—NO, 

3CH,0 CH,OH CH,0N0 2 


Tetranitromethane 

A different type of aliphatic nitro compound is the liquid, tetrani¬ 
tromethane. It is a troublesome and dangerous by-product encountered 
in the nitration of toluene. Its practical synthesis is effected by the 
action of nitric acid on acetic anhydride or acetylene. Alone it is a 
very poor explosive, but when it is admixed with hydrocarbons, the 
mixtures have very high power. They are too sensitive for practical 
applications but are useful in experimental studies. 

AROMATIC NITRO COMPOUNDS 

Trinitrotoluene 

The resonance hybridization in aromatic nitro compounds is thermo- 
chemically a disadvantage second only to the paucity of hydrogen in 
these types. In spite of these disadvantages aromatic nitro compounds 
are popular as military explosives because of their high chemical sta- 
bihty. Exceptions are to be found: thus 1,2,4,6-tetranitrobenzene, 
while easily preparable by diazotization of picramide in excess nitrous 

** Hofwimmer. Z. gu. Sch\t*t- u. Sprengsloffxo., 7, 43 (1912). 
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acid, 2 * 26 is useless as an explosive because it contains an ortho dinitro 
linkage; it hydrolyzes to picric acid. On the other hand, 2,4,G-trinitro- 


NO* 

0aN>^N0 2 HO H 



NO* 


toluene has become the principal military explosive since 1920. It is 
economical of preparation, is moderately high in explosive power, is 
very stable, and has a melting point (80.8°), which is very convenient for 
molten filling of munitions. Its soft, almost waxy consistency is ideal 
for compacting operations to produce pellets, and the softness also con¬ 
tributes to impact-insensitiveness while the explosive retains a reason¬ 
able sensitiveness to sympathetic initiation. Its two disadvantages, 
reactivity with alkali and toxicity toward humans, have largely been 
overcome by proper technical methods. TNT is typical of the axiom 
that high power is secondary to safety and convenience in manipulation 
of a practical explosive. 

The methyl group in toluene is strongly o,p-directing, but mononi¬ 
tration yields about 4% of m-nitrotoluene. On subsequent nitration 
this is converted to 2,3,4-trinitro with 2,4,5-trinitro and a trace of 
2,3,6-trinitro toluenes. These are all unstable because they contain 
ortho dinitro groups. The excellence of TNT as a low-cost high ex¬ 
plosive depends on the fact that these impurities can be removed with 
groat ease by heating the crude material with aqueous sodium sulfite. 
The sulfonic acid salts arc water-soluble. 




NO* 

NO* 


N«jSOi 



+ NaNO* 


The nitration of toluene originally involved a three-step process. 
These three steps (mono-, di-, and tri-nitration) have been retained, 
but each step was improved during the World War II period by adding 
the toluene or partially nitrated toluenes to the nitric-sulfuric mixec 
acid rather than by the acid-into-oil process which had been employ 
before The increased production and improvement in quality by the 
addition of oil to acid resulted because the mixed acid operatecI more 
efficiently ns n nitrating agent. This lx-ars on the theory of aromat.c 

nitration. 

* Bor&chc, Her., 56. 1939 (»W3>- 
*« Ilollcinan. Ree. Irac. chim.. 49. 11- (1930). 
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Mechanism of Nitration of Aromatic Compounds 

Aromatic nitration is not an equilibrium process, yet the nitration 
yield depends markedly on the composition of the mixed acid. Evi¬ 
dently, then, a reactive species must be produced when nitric acid, 
pyrosulfuric acid, and water are mixed; and the rate of reaction must 
depend on the concentration of the species. On the basis of Raman 
spectroscopy, cryoscopic data, and, particularly, electrolysis where 
nitric acid appears at the cathode 57 this reactive species seems to lie 
related to the nitracidium ion, N 03 H 2 + , of Hantzsch 5B or its dehydrated 
form, nitronium ion, N0 2 + . 5,1 * ai A reversible equilibrium must then 
exist: 

HNOj + 2HjSO« ;=* NO* + + 2HSOi“ + H 3 0 + (I) 

wherein the N0 2 + concentration may be increased by decreasing the 
water content of the system. This dccreuse will also reduce the hy- 
dronium- and bisulfate-ion concentrations in a manner which can be 
idealized as follows: 


H*0 + H 5 SO 4 «=* H,0+ + HSO 4 - (II) 


The reaction of nitronium ion with an aromatic compound should 
require some anion like bisulfate for its completion. A decrease in 



reaction rate may therefore be caused by diminution of either nitroniura 
or bisulfate ion. In the nitration of dinitrotoluene K ~ u (where, as in 
most organic nitration, the reaction in the acid phase is about 10 times 
as fast as in the organic phase) the optimum rate is attained when the 
solvent phase comprises 92% sulfuric acid and 8% water.” If water or 
bisulfate salts are added to this medium, the second-order rate constant 


V Bennett, Brand, and Williams, J. Chem. Soc.. 869 (1946). 

" Hantzsch and Berger. Ber., 61. 1328 (1928). 

” Hughes, Ingold, and Reed. Nature. 168. 448 (1946). 

10 'Vcstheimer and Kharasch. J. Am. Chem. Soc.. 68, 1871 (1046). 

11 Goddard. Hughes, and Ingold. J. Chem. Soc.. 2559 (1950). 

” Bennett, Brand, and Williams, ibid., 869 (1946). 

" Bennett, Brand. James. Saunders, and Williams, ibid.. 1185 (1947) 

; -sTcC • jaraa ' saund " s - ' v — w "'—• 

* Martmsen. Z. phynk. Chem.. 60. 385 (1904); 69. 605 (1007). 


97G 


ORGANIC CHEMISTRY 


decreases rapidly, presumably because the nitroniurn-ion concentration 
is diminished according to equation I. 

On the other hand, the rate is less than the optimum when the solvent 
medium contains less than 8% water, although spectroscopically it can 
be shown that the nitronium-ion concentration increases as the water 
content decreases. In this case addition of potassium bisulfate causes 
an increase in reaction rate, evidently in compensation for the diminution 
of bisulfate ion according to equation II or any of its obvious modifi¬ 
cations. Essentially the same behavior is shown by the addition of 
nitrous acid to the system, as might be expected since it will become a 
source of bisulfate ion. 3 ‘ 

Although aromatic nitration follows this overall mechanism in general, 
there are many specific variations according to the nitration system 
which is used. Ingold and co-workers have classified these systems 
according to rate (nitration in sulfuric acid being fast, in nitromethane 
medium, and in acetic acid slow). In the presence of excess nitric acid 
the “slow” nitration was found to proceed by “zero-order” kinetics, 
thus indicating that nitronium-ion formation was the rate-determining 
step. 37 The kinetics of more rapid nitration in excess nitric acid was 
found to be first order, which might be expected if formation of a complex 
such as the toluene-nitronium cation shown above were the rate-deter¬ 
mining step. 

Mixtures of 50% nitric acid and 50% water (in which no trace of 
nitracidium ion can be detected) are effective in nitrations of reactive 
substances such as phenol and anisole. Since such reactions are strongly 
catalyzed by nitrous acid, various explanations based on the inter¬ 
mediate action of this substance have been offered. Some have suggested 
that nitrosophcnols are intermediates, 3 * but others doubt this. 39 Alter¬ 
natively, the nitrosonium ion (NO + ) has been thought to react with 
phenol to form a phenol-nitrosonium ion which may react with nitric 
acid to give nitrophenol and nitrous acid 40 with nitrosophenol as a 
by-product. Other explanations will undoubtedly be forthcoming. 


ArH + NO + 


Ar INO+ — 

UNO* 

- > 


H + + ArNO 
HNO 2 + ArNOs 


The nitrous acid-catalyzed nitration of benzene in 50%. aqueous 
nitric acid has been observed in that complex reaction series, the Wolflf- 


J« Hantzsch and Bergor. X. anor X . Chrm.. 190. 321 (1930). 

” Insold el al.. J . Chrm. Sor.. 2400-2473 (1950). 

»» Schramm and Wcstheimer. J. Am. Chrm. Sor.. 70. 1782 (1948). 
» Benford and Ingold. J. Chrm. Sor.. 929 (1938). 

«o ingold d al.. iWd.. 2028 (1950). 
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enstein-Boeters oxynitration of benzene to picric acid, which has been 
reviewed. 41,4 * In this medium the nitric acid probably acts molecularly. 
Furthermore, the nitration of the benzene must be occurring in the 
benzene phase since the yield of unwanted nitrobenzene and dinitro- 
benzenes can be reduced to a minimum if the benzene is added at the 
rate at which the oxynitration reaction can consume it. 

This oxynitration is catalyzed by mercuric salts. Carmack 43 and 
Westheimer 44 with their co-workers have shown that the reaction 
probably involves a dual mechanism. 



+HNO, 


Picric Acid 

Picric acid is produced alternatively from phenol and mixed acid, 
or na 2,4-dinitrophenol from the 2,4-dinitrochlorobcnzcne derived by 
nitration of chlorobenzene. Because of its acidic property it has become 
obsolete as a secondary explosive, but its ammonium salt is used in 
armor-piercing shell because it is insensitive enough to withstand the 
severe shock of rapid deceleration. 

Picric acid may be converted to the non-acidic picramidc 46 in 90% 



O 

n 

+ HjN—C—NHj 


NO, 



NH, 

CO, 


yield or to picryl chloride in 95% yield via its pyridine salt. It is in¬ 
teresting to note that neither phosgene nor phosphorus oxychloride 


41 Ariatoff et al., Ind. Eng. Chcm., 40. 1281 (1948). 

“Bmchinonn. Chemerda. Deno, and Horning. J. Org. Chetn., 13, 390 (1948) 

« SZS?' Bt T r ’ and S *** ht - J • Am. Chrm. Soc., 69. 785 (1947). 

oathcimcr. Sogol, and Schramm, ibid.. 69. 773 (1947). ' 

u Spencer and Wright, Can. J. Rttearch. 24B, 204 (1946). 
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will react with picric acid itself, whereas phosphorus pen bichloride 46,47 
will convert picric acid, but not pyridine picrate, to picryl chloride. 

NO* NO, 


OH-C&HjN coch 
■NO, 0 2 > 

C*HiNH;> 


-t-CsHsN-HCl -f CO, 


I»NH \y/ 


ClIjNH, 



N—CH* 
H -222 
■NO, 0, 


NO, 

N—CH, 
NO, 


Tctryl 


NO, 

Hcxonitc < hexyl) 

When picryl chloride is treated with aniline, it forms 2,4,6-trinitro- 
diphenylamine, 48 which can further be nitrated to amino-fc/s-2,4,G-trini- 
trobenzene. 4 * This explosive was favored by the Germans (who prepared 
it mainly by stepwise nitration of diphenylamine) because its molten 
mixture with TNT had desirable casting properties. In this connection 
it should be realized that such characteristics, which permit easy filling 
operations to give non-shrinking cavity-free castings, may rccommen 
a compound like hexanitrodiphenylnmine, even though its detonutnc 
properties (power 1.1 X TNT) are not exceptional ” and its toxicity 
appreciable. 

«• Jackson ami Cazzolo. Am. Chrm. J.. 23. 376 (1899). 

« Bo>^! Spencer, and Wr.ght. Can. 7. Rcttarch. 24B. 200 (IMO). 

« Cleinrn. Her.. 3. 126 (1870,. 

« Van Duin and Von Lenncp. R't. Irar. ehxm., 38. 358 (1919). 

M Moral mil. Ind. Eng. Chem.. 12, 330 (1920). 
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Tetryl 

The reaction between picryl chloride and methylamine followed by 
nitration with 70% nitric acid alone gives an overall 95% yield M<47 
of 2,4,6-trinitrophenylmethylnitramine (tetryl). This explosive is 
widely used in pellet form as an exploder or “booster" because it agglom¬ 
erates well under pressure, is easily initiated, and has high power 
(1.25 X TNT) and rate of detonation (7510 meters per second at d. 1.0). 
Its disadvantage lies in the dermatitis it causes, especially among female 
workers. 

The practical preparation of tetryl is accomplished as a combined 
oxidation-nitration when dimethylaniline sulfate is added to nitric acid 
or mixed acid. This reaction has been shown to proceed in two steps. w * 53 
First, dimethylaniline is nitrated to 2,4-dinitro-N,N-dimelhvlnniline, 
the reaction being catalyzed strongly by nitrous acid. The subsequent 
step involves an oxidative demetliylation to 2,4-dinit ro-N-methyl- 
anilinc, which is spontaneously nitrated to tetryl. While nitrous acid 
is the final product of a stepwise oxidation (formaldehyde and formic 
acid can be detected), it is also effective in the first stages of the de- 
methylation. It must be evident from the exposition contained in the 
past few pages that the effectiveness of nitrous acid is of great signifi¬ 
cance to the explosives chemist and that its action is not yet fully 
understood. 


NITRAMIDES 

bis-Nitroxyethylnitrooxamide 

Just as aromatic nitro compounds are remarkable for their thermal 
stability, so nitramides are characteristically unstable. Only two have 
received any serious consideration as practical explosives. The first, 
comparable in power, rate, and ease of initiation with tetryl, is bis- 
nitroxyethylnitrooxamide. It is prepared by mixed sulfuric-nitric acid 
nitration-esterification of 6/s-hydroxyethyloxamide, which, in turn, is 
easily formed from monoethanolamine and oxalic acid via its ester. w 

Several points of interest are involved in the nitration. If one mole 
of 6is-hydroxyethyloxaraide, I, is treated with 20 moles of 100% nitric 
acid and 4 moles of 100% sulfuric acid, an 85% yield of bis- nitroxyethyl- 
nitrooxamidc. III, is obtained. But the addition of 0.4 mole of nitro- 
sylsulfuric acid to the nitrating acid inhibits nitramide formation en- 

M Van Romburgh, Rec. trap. cJiim., 2, 103 (18S3). 

M Clarkson. Holden, and Malkin. J. Chtm. Soc., 1656 (1950). 

u Ingold et al.. ibid.. 2057 (1950). 

M Stuart and Wright, Can. J. Reaeorck, 26B, 401 (1945). 
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tirelv, though not the esterification, and a 77% yield of relatively pure 
6/s-nit roxyethvloxamide, II, is formed instead of III. The same com- 


II 

I 

0=C—N—C H 2 —C H *0 H 
0=C—N—CH*—CHjOH ' 
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II 
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I 
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0—=C—N—CH*—CH*—NO* 
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NO* 
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pound II is obtained rather than III when I is treated with a large excess 
of nitric acid alone. 

Dinitroimidazolidone 

The second nitramide of interest is l,3-dinitroimidazolidonc-2, VI. 
This is the nitration product of imidazolidone-2, V, which is prepared 
from ethylencdiumine, IV, and diethyl carbonate or phosgene. This 
amide nitration can be carried out in absolute nitric acid alone, 5S but 
it differs from the unsuccessful amide nitration of 6i«-hydroxyethyl- 
oxamide in that the product VI is precipitated from the nitric acid 


Cl 

CH*—NH, 

| + 0=0 
CH*—Nils I 

Cl 


IV 



H 

CH*—N—NO* 
CH*—N—NO* 

I 

H 

VII 


“ Franchimont and Klobbie. Rtc. Ira r. ehim., 7, 12 (1888). 
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medium whereas bis-i \itroxyethy 1 nitrooxamide is soluble in this solvent. 
This phenomenon can also be demonstrated by the treatment of V with 
nitric acid in acetic anhydride. When a moderate excess of the amide¬ 
nitrating agents is used, the product VI precipitates from the medium 
in good yield, but none is formed when an excess of medium is used 
sufficient to retain product VI in solution. 

Nitration of all N-alkylamides is not subject to this limitation. Thus 
N-methyl-5-nitrofuramide is converted in 60% yield to N-mcthyl- 
N,5-dinitrofurami<le by nitric acid, from which it does not precipitate. 
Here the nitration equilibrium is evidently favorable with respect to 
the N-nitro derivative. 56 Where the equilibrium is not so favorable, 
the nitration yields depend on its displacement by separation of a second 
phase. Such alkylnitramides arc not favored as explosives because of 
their ease of hydrolysis. With 1,3-dinitroimidazolidone-2 the hydrolyz- 
ability is utilized to advantage, since boiling with water frees carbon 
dioxide and thus provides a smooth synthesis of 1,2-dinitraminoethanc, 
VII. 

The entire series of reactions, 1V-VII, is a specific example of the 
general method for primary nitramine synthesis devised by Franchimont 
and his co-workers. 47 Franchimont generally used ethyl chloroformntc 
for the first step. From the foregoing discussion it is evident that the 
success of the reaction series is dependent on ease of nitramidc formation 
versus ease of nitramide hydrolysis, since primary nitramines are not 
very stable. 

PRIMARY NITRAMINES 


Ethylenedinitramine by Franchimont Synthesis 

The preparation of primary nitramines by the method of Franchimont 
has been elaborated by Brian and Lamberton 56 in order to obtain 
hitherto inaccessible types. The nitramino hydrogen of ethyl nitroure- 
than is replaced by the alkyl or alkaryl radical derived from a substi¬ 
tuted diazomethane. Subsequent ammonolysis and acidification yields 
the nitramine corresponding to the diazomethane which is used. 


RCIINj + 0 2 N—N HCOOEt 


OjN—N—COOEt RCHjNHNO* 

CH 2 R 


“GUman and Yale, J. Am. Chcm. Soc., 72, 3593 (1950). 

" Ahrens. Sammlung eAcmuchcr uixd cHcmischAcchnxschtr VortrHge. 18. 359 (1912). This 

chemUtry * A more recent reviow u that ° f 
** Britt n and Lamberton. J. Chcm. Soc., 1633 (1949). 
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sec-Butylnitramine by Chloramine Synthesis 

Another synthetic method for the preparation of primary nitramines 
converts the primary amine VIII to the dichloramine IX rather than the 
carbamate as in the Franchimont or Lamberton synthesis. The dichlor¬ 
amine may with some risk be treated with absolute nitric acid alone, 
but a safe procedure involves treatment with nitric acid and acetic 
anhydride; the last reagent converts the hypochlorous acid which is 
formed to chlorine acetate or to chlorine. A typical example is the prep¬ 
aration of srr-butvlnitramine, XII. 59 The initial product is sec-butyl- 
chloronitramine, X. This unstable high explosive is seldom isolated, 
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but is decomposed by dilution with water. If alkali is added, both 
sodium chloride and sodium hypochlorite are produced. The chloro- 
nitramine, X, is thus converted to 2-butanenitrimine, XI, and 2-butanc- 
nitramine, XII. Saturated aliphatic nitrimines arc unstable; 60 XI 
decomposes readily to butanonc-2, XIII. The formation of nitrimines 
can be practically avoided if the drowned reaction mixture is treated 
with sodium sulfite, and XII is the isolablc product. 

The primary nitramines are not very useful as explosives because they 
are acids roughly comparable in degree of ionization with carboxylic 
acids. They also arc unstable and tend to decompose in acidic media 
with loss of nitrous oxide to give alcohols. The x-ray structure proof 
defines the positions of oxygen and nitrogen atoms in one of the: mos 
stable examples, l, 2 -dinitraminoethane,‘» as highly hybridized, but it 
does not tell the position of the acidic hydrogen. Neither does c:he«n««i 
reaction, for the salts of primary nitramines react with alkyl iodides or 

I* Smart in*! Wright. Can. J. Rcaearch. 26B. 284 (1U48). 

to Suegitt Myers, and Wright. J. Org. Chem., 12. 373 (1947). 

SX - and WhiUnorc. J- Cfc&C >316 (>948). 
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alkyl sulfates to give two compounds. One of these is the true secondary 
nitramine; the other (the isonitramine) is presumed without adequate 
proof to be the O-ether of the hypothetical oci-form. 

H CH 3 

R:N:N::0 icn ‘ 1: ^> R:N:N::0 + R:N::N:0:CH, 

. NaOII . . 



SECONDARY NITRAMINES 
Cyclonite by Hale Method 

Secondary nitramines are disubstitution products of nitramidc and 
actually have been produced in this manner.* 2 Other methods of 
synthesis were employed for the most important nitramine, cyclonite, 
which was used extensively during World War II. Its first practical 
preparation, reported by G. C. Hale in 1925, was effected from hexa¬ 
methylenetetramine M by a reaction which has been called nitrolysis 
since it involves the fission of a C—N linkage in 6fS-aminoinethylenc 
compounds to yield a nitramino and a mcthylolamino group. Nitrate 
salt formation probably always precedes this fission, since the tertiary 
trimcthyleneamino groups that react are those to which nitric acid has 
coordinated. Thus the principal nitrolysis of hexamethylenetetramine 
dinitrate, XIV, is thought to form XV, although this fission product 
has never been isoluted. 

Subsequently, several fissions may occur. First, demethylolation 
may produce XVI, which subsequently nit roly zes at position A to give 
l,9-dinitroxy-2,4,6,8-tetr&nitro-2,4,6,8-tctrazanonanc l XX. A small 
amount of this has been isolated. Second, and mainly, XV can nitrolyze 
at B to give 6i$-nitroxymcthylnitramine, XVII, and 3,5-dinitro-l-meth- 
ylol-l,3,5-triazacyclohexane, XVIII. The presence of compound XVII 
has been demonstrated in yields up to 20%,* 2 but compound XVIII 
cannot be isolated. Presumably, it demethylolates at once to 3,5-di- 
nitro-3,5-diazapiperidinium nitrate *•"•* and thence to 1,3,5-trinitro- 
1,3,5-triazacyclohexane (called cyclonite or RDX), although the inter¬ 
mediate salt cannot be isolated from the reaction mixture. 

Although compound XVIII cannot be isolated, its presence in the 

** Chute, Downing. McKay, Myers, and Wright. Can. J. Research. 27B, 218 (1949). 

M Halo. J. Am. Chcm. Soc.. 47, 2754 (1925). 

•* Vroom and Winkler. Can. J. Research. 28. 701 (1950). 

“ Berman, Mccn. and Wright. Can. J. Chcm.. 29. 7G7 (1951). 

•' Dunning and Dunning. J. Chcm. Soc.. 2920, 2925, 2928 (1950). 


984 


ORGANIC CHEMISTRY 


reaction mixture is suspected because slight alteration in reaction con¬ 
ditions (106% nitric rather than 100% nitric acid) will produce 1,7-dini- 
troxy-2,4,6-trinitro-2,4,6-triazaheptane, XIX. 67 Likewise, E. Roberts 




CT, CH, 

0,NIjT JjJNO, 0,NN NN 


N 

HOCH,—N—CH,OH H—N-CH.OH 


:h 2 


XV 


XVI 

1 1 

OsNCHs—N—CH,NO, CH, 

0*N N NNO, 


NO, 

XVII 

+ 

CH, 

OtXljT ^NNO, 


I 

H,C CII» 


I 

0,NN 

H,C 


NO, 


CH,OH 

XVIII 


0,NN-CH,-N0, 

XX 


1 


QH, 

0,NN NNOt 
I 

NO, 

ni>x 


NO, 


0,NljJ IS’ 

H,C CH, 
I I 

0,NN NO, 

H,C—NO, 

XIX 


has shown * that the product obtained by Bachmnnn and Sheehan es bv 
treatment of hexamethylenetetramine with a mixture of acetic an¬ 
hydride and nitric acid at 25° is the analogous diacetate ester, 1,7-di- 
acetoxy-2,4,0-t rini t ro-2,4,6-t riazahept ane. 

An alternative nitrolysis of hexamine dinitrate, XIV, can be shown 
to give 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane, HMX, ria 1,5-en- 


•7 chute. McKay. Meen. Myers, and Wright. Can. J. Itrsearch. 27B. 503 519 (1949). 
* Private communication. 

m Bachmnnn and Sheehan. J. Am. Chan. Soc.. 71, 1842 (1949). 
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domethylene-3,7-dinitro-l,3,5,7-tetrazacyclo6ctane, XXI. HMX * is 
a stable compound. It is in fact the only impurity that will survive the 
digestion in hot 50-60% nitric acid which is used in purification of Hale 
cyclonite. Since it is a tctramer of the hypothetical mcthylencnitriminc 
of which cyclonite is the trimer, the observed identity in power and 
detonation rate of cyclonite (RDX) and HMX is not surprising. 

The yield of cyclonite by the method of Hale was 80% on an equi¬ 
molar basis from hexamethylenetetramine. Thus more than half of 
the formaldehyde not only was unconverted, but also from consider¬ 
ations of safety it had to be destroyed on a continuous basis by the 
excess of nitric acid. The process was therefore extravagant in respect 
to both nitric acid and formaldehyde. New methods of preparation 
were therefore sought for cyclonite. Interestingly, in two instances 
identical discoveries were made in Germany and in Canada or the 
United States, although the German innovations antedated the others. 


Cyclonite by Ebele-Schiessler-Ross Method 

In Germany Ebele 69 and in Canada Ross and Schiesslcr 70 found 
that a 60% yield (formaldehyde basis) of cyclonite contaminated with 
HMX could be obtained by the addition of paraformaldehyde and 
ammonium nitrate to acetic anhydride at 70°. 


3CHjO + 3XH«NO, + 0Ac*O -* (CH,N,0,), + 121IOAc 


In the second instance Knoffler in Germany and Baehmann in the 
United States sought to combine the reagents used in tire Hale and in 
the Ebele-Schiessler-Ross processes. This innovation increased the 
cyclonite-HMX yield to 80% (formaldehyde basis) and decreased the 
amount of acetic anhydride needed. 


C*H„N« + 2NH<N0 3 + 4HNO, + 6Ac,0 -* 2(CH,N,0,) 3 -f 12HOAc 


Roth processes seem to follow essentially the reaction shown above 
(XIV —> XX), since XVII, XLX, and XX all can be isolated as the 
acetoxy esters instead of the nitroxy esters. 

Further studies of these processes indicate 7, 72 that the Ebele-Schicss- 


* Tho Germans called cyclonite hexogen and HMX octogen. 

Crater, p. 1632 in Ind. £n*. Chem.. 40. 1627 (1948). 

*5<:!:: esslcr and lT - S - !>«“• 2.434.230 (1948) [C. A.. 42. 2292 (1948)1. 

^ Gdl,es < Williams, and Winkler. Con. J. Chem.. 29. 377 (1951). 

‘ AristofT, Graham. Meen. Myers, and Wright. Can. J. Research. 27B, 520-544 (1949) 

lh ! PUbli t hed .; C,,earr !' UP l ° June - 1949 ' on the mechanism of hoxaminc 

^'iT ha3 drn '; n w hoa '-* , >- th * u,, e ub,i8h * d ™rk from the laboratories of Bach- 
ann at University of Michigan. Connor and Carmack at University of Pennsylvania. 
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ler-Ross method actually involves as its first step the synthesis of 
hexamethylenetetramine in acetic anhydride from paraformaldehyde 
and ammonium nitrate. 

CCHjO + 4NH«NOa + 3Ac,0 -» C«H„N 4 + 4HNOj + 6HOAc 
The second step is a Ilale nitrolvsis. 

C*H.tN 4 + 4HNO a -> (CH 3 N 2 0 2 )a + NH 4 KO, + 3CH*0 

The third step utilizes the non-explosive products of the second step, 
together with more ammonium nitrate and acetic anhydride, in a 
repetition of the first step. Conversion to cyclonite ought then be 
quantitative, but some formaldehyde is converted to methylene and 
poly methylene diacetates, which arc unreactive and thus limit the 
yield to 60%. 


Cyclonite by Knoffler-Bachmann Method 


On the same principle the Knoffler-Bachmann process must involve 
originally a Hale nitrolysis followed by a resynthesis of hexamethylene¬ 
tetramine in situ. The yield is higher than in the Ebele-Schiessler-Ross 
method because less free formaldehyde is involved. It is especially in¬ 
teresting to note that W. E. Bachmann originally specified his method 
as a “combination” process before this chemistry was worked out 

formally. . 

Evidence that resyntliesis of hexamethylenetetramine occurs from 
fragments is borne out by the presence of two acetamino impurities 
in cyclonite prepared by these acetic anhydride methods. It has been 

shown that these compounds, l-aceto-3,5-dinitro-l,3,5-triazacycIo- 
hexane, XXIII, and l-aceto-3,5,7-trinitro-1,3,5,7-tetra*acyclo6cUne, 

XXV M can be formed in the cyclonite reaction mixture only by ni¬ 
trolysis of 1,5-diaceto-3,7-endomethylene-1,3,5,7-tetrazacyclooctane,' 
XXII, and 1 -acctamidomcthylhexamine-l-nitrate, 75 XXIV, rcspec- 

tlV I < t > mav be seen that the last reaction can be explained only by as¬ 
sumption of a double 1,3-shift. Construction of a model shows that 


Whitmore and Noll, private con,mun,c»..<>». 

« Dominikiewicz. Arch. Chcm. , Farm, {ttarraw,. 2 . .8-129 (1935). 
n Bachmann, privaio communication. 
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N—NO, ^2i. 0,N—N 


H,C-X-CH, 


N-NOt 


H,C- 


NO, Cj^H, 

XXV HOCH,—X—CH,OH 

these shifts must occur by inversion in the mu oner characteristic of a 
1,2-molecular rearrangement. 


Cyclonite by Wolfram Method 

Wolfram in Germany discovered a fourth process for cyclonite manu¬ 
facture which gave an 80-90% yield based on the formuldchyde used. 
This process was not known to the Allies during World War II. Subse¬ 
quently, it was reported 6 * that formaldehyde was treated with potas¬ 
sium sulfamate to yield potassium methylenesulfamate. The last 
compound has been shown to be the cyclic trimer, tripotassium 1,3,5- 
tnazncyclohexanetrisulfonate. The nitration step is of interest because 

‘Binnic, Cohen, and Wright. 7. .4m. CUm. Soc., 72. 4457 (1950). 
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it utilizes a mixture comprising 80% of absolute nitric acid and 20% of 
sulfur trioxide. The anhydrous condition of the “spent acid” makes the 
process possible, since cyclonite (and this applies to secondary amines 
in general) is very unstable in sulfuric acid containing 1-15% water. 


CH, 
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\ 

CH,() 

KOjS—N 
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+ “* 
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h,nso 3 k 
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SO, 


CH, 
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O-N—N N—NO, 

I I 

H-C CH, 
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I 
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+ KI ISO i 


The Germans operated this process by disposing of the potassium acid 
sulfate in fertilizer. 

Cyclonite (HI)X) and tetranitrotetrazacyclooctane (HMX) arc ex¬ 
cellent explosives because of high power (1.55 X TN I) and high rates 
of detonation (8200 meters per second at d . 160). Both are quite 
sensitive to impact (2-8 X TNT), and so in practice they arc used m 
admixture with TNT or with a suitable phlegmntmng wax. Iheu 
melting points (RDX, 205°; HMX. 280°) are so high and their solu¬ 
bilities so low that they do not form homogeneous molten compositions. 


Amine Nitration by Chlorine Catalysis 

The nitrolysis media described above for methylcnimii.es may be 
used for nitration of eertain aliphatic secondary amines which are 
weakly basic as measured in g.acial acetic add.” Thus amines such 
as 14-17, inclusive, Table I, can lie nitrated in almost <,»«>'»'» <■ 

yields in nitric acid alone, or in nitric acid plus acetic anhydride. A - 
ally, most aliphatic secondary amines (such as 1-1. , "‘elusive, > 

„ re more basic and will not form nitramn.es under these con. ■ 
However, the general method involving electropositive chlorine for 

Du,in. Mn.-ken.ie. and Wri*t. C«. J- *'*-"*• “ B - "" « IWSI ' 
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preparation of primary nitramines is applicable. The secondary amine 
may be converted to its chloramine, 78 which is less basic than the parent 
amine, and then to the nitramine and chlorine acetate by use of nitric 
acid and acetic anhydride. 

TABLE I 

Proton-Attracting Tendency with Respect to Peroiimiric Acid and 

Sci.kcric Ac-id 


Intensity colored indicator 
Intensity total indicator 


No. 

Amino 

Sulfuric Acid 

Perchloric Acid 

1 

Diisopropylamine 


0.075 

2 

Diisobutylamino 

1.00 

0.530 

3 

Dicyclohexylominc 

1.05 

0.531 

4 

Di-n-butylamine 

1.04 

0.527 

5 

Diet Ity la mine 

1.02 

0.510 

6 

Di-;i-octylaininc 

1.02 

0.51G 

7 

Dimethy Inminc 

1.01 

0.511 

8 

Lysitline 

0.99 

0.500 

9 

Metliyletlmnolaminc 

0.98 

0.495 

10 

Diisonmylnminc 

0.945 

0.478 

11 

Morpholine 

0.915 

0.403 

12 

I mino5i j-propionil rile 

0.85 

0.430 

13 

Diethanolamine 

0.77 

0.389 

14 

Imino-5<s-arctonit rile 


0.310 

15 

Imino-5is-methylaeelonitrile (solid 




diaatercomer) 


0.182 

10 

Imino-hjs-inet hylaeotonitrile (liquid 




diastercomcr) 


0.084 

17 

Iminodifx-dimethylncetonitrile 


0.0825 


In order to explain the ease with which weakly basic secondary amines 
can be nitrated by contrast to strong amines, it has been suggested that 
a nitrate salt structure involving a hydrogen bridge is characteristic of 
strong amines but not of weak ones. 

H 

R:X:HXO a 

• • 

R 

The weak amines with electron-donor properties resembling those of 
water wll act toward nitric acid as Hantzsch has suggested that water 
acts: first to coord.nate and then to ionize into hydroxyl and nitracidium 

7 * Myers and Wright, ibid.. 26B. 257 (1948). 
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ions. In the same sense two equivalents of nitric acid may be considered 
to be in equilibrium with nitracidium nitrate, while the nitrammonium 
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H:0: 
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hydroxide shown below will Income nitrammonium nitrate in the 
presence of excess nitric acid or nitric acid plus acetic anhydride. In 


R :0: 

H:N: + N::0 
•• •• •• 
R :«: 
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R:(): R:0: 

H:X:X:b: «=* H:X:N:sol OH- 
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H 

the Hantzsch ion, loss of a proton yields nitric acid while proton loss in 
the analogous nitrammonium ion yields a nitramine. When the chlora¬ 
mine rather than the amine is involved, electropositive chlorine released 
from the ion forms chlorine hydroxide (hvpochlorous acid) and the 

it is not always easy to prepare and isolate the chloramine, but fre¬ 
quently it is unnecessary because of a modification of the aqua regia 
reaction. It has been found » that in acetic anhydride this reaction 
can be arrested temporarily in its first stage because chlorine hydroxide 
(hypochlorous acid) is converted to its ester. 

2HC1 + 2HNO a + 3Ac 2 0 —* 2C10Ac + N*O a + 4HOAc 

Furthermore, this chlorine acetate « will convert a s«o"dary mm 
,o its chloramine in an acetic anhydride medium lf ,,tr,c 
present, the chloramine thus formal will lie converted to the nitramine, 

and chlorine hydroxide will be regenerated. 

CIOAc + R,XH - RtNCI + HOAc 
R,NCI + HNOj — RiNNO, + C10H 
C10H + Ac,0 -» CIOAc + HOAc 

. . . is thus started; a catalytic amount of hydrogen chloride 

A "w'llion to suffice for conversion of strong amines to n.tramincs in 
nUri'c acid"and acetic anhydride. This has been found to he the fact. 

: .as cols,. 
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The nitration of secondary aliphatic amines is thus presumed to 
proceed via nitrammonium salts. One might also postulate a tertiary 
nitrammonium salt as intermediate in the nitrolysis of hexamethylene¬ 
tetramine, but neither secondary nitrammonium salts nor nitrohoxa- 
minium salts (C 6 H, 2 N 4 N 0 2 + N 03 _ ) have been isolated. Presumably, 
they would react very rapidly to form nit famines. 

However, a tertiary methylenenmine has l>een found which undergoes 
nitrolysis much more slowly than hexamethylenetetramine. 81 When 
this compound, N.N'-dicyclohexylimidazolidine (XXVI, R = 
is treated with nitric acid and acetic anhydride at low temperature, a 
salt with analysis and characteristics of a nitrammonium salt is isolated. 
This salt K comprising elements of dicyelohcxylimidazolidine, nitrogen 
pentoxidc, and nitric acid behaves like XXVII. When heated with 
acetic acid it reverts to XXVI. When it is warmed with phenol or 
dimethylaniline, the p-nitro derivatives are formed, and nitration of 
imino-tns-acctonitrilc occurs smoothly with XXVII in hot ethyl nitrate 
suspension. When XXVII is warmed in acetic anhydride, it is converted 
to N-nitro-N.N'-dicyclohexylammonium nitrate without any trace of 
the dinitro analog. 
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If the nitrolysis of a tertiary amine proceeds through an intermediate 
nitrammonium salt, one might expect, by consideration of the relative 
stability of nitronium versus electropositive chlorine ion, that a chlor- 
ammonium salt, XXIX, would be easier to form than the corresponding 
nitrammonium salt. The chloramine, XXX, which would form from 
XXIX would be converted with ease to the nitramine, XXVIII. By 
analogy with the nitration of aliphatic secondary amines one might 

“ Boivin and Wright, ibid.. 28B, 213 (1950). 

° Robson and Wright. J. Org. Chem., 17, 955 (1952). 
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therefore predict that the nitrolysis of N.N'-dicyclohexylimidazolidine 
would he accelerated by the addition of catalytic amounts of chloride. 
Actually, a fivefold acceleration was observed with 0.1 mole equivalent 
of chloride. 

Acceleration of tertiary methyleneamine nitrolysis by chloride ca¬ 
talysis is not unprecedented, however. The conversion of hexamet hylene 
dinitrate, XIV, to l,5-endomethylene-3,7-dinitro-l,3,5,7-tetrazacyclo- 
octane, XXI, in acetic anhydride solution was found by Linstead and 
his co-workers to he accelerated slightly by addition of hydrogen 
chloride.'* 3 It may thus he seen that, whether or not the present inter¬ 
pretations of amine nitration are partially or wholly correct, the facts 
from which these interpretations have been drawn are closely inter¬ 
related. 

All the secondary amines 1-13 in Table I have been nitrated by the 
chloramine intermediate method.* The most useful of the group, bis- 
nitroxyethylnitramine (DINA), can »>e prepared thus in 90% yield 
from diethanolamine.** DINA is comparable in power (1.51 X TNT), 
rate of detonation (7350 meters per second at d. 1.47), and sensitiveness 
(3 X TNT) with cyclonite, but its melting point is much lower (52.5°), 
and it plasticizes nitrocellulose well. The thermal stability of DINA is 
less than that of cyclonite but is many times greater than that of nitro¬ 
glycerin. Since it is less volatile than nitroglycerin it does not induce 
headache except by absorption through the skin. 


GUANIDINE EXPLOSIVES 
Guanidine Nitrate 

On the basis of formal resemblance one might expect nitrated amidines 
anil guanidines to possess the undesirable properties of ml rated and 
amides as far as hydrolytic tendencies are concerned Ilus expectation 
is borne out in fact. However, the thermochemical distinction between 
the oxidized carbon in a carbonyl group and the oxid.xahle carbon •" < 
carbimino group (C=N-H) is profound In general, *£*"%*££ 
i mve n ,ied that intrinsic instability has never condemned an 
plolive if it were demonstrated to be sufficiently useful Guanidines, 
therefore have established a position in explosives chemistry. 

he va f guanidine nitrate as an ingredient in heterogeneous 

explosives has already been mentioned ,p. IK*,. It is useful, also, as an 

- "Hah., c. 

"snlo.Trnsz. Tootnbs. .nd W, Ml. »«B. » tl«. 
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intermediate in the preparation of other explosives. The most practical 
large-scale preparation uses calcium carbide as the initial material. 
Treatment with nitrogen at high tem|>crntiirc converts (his to calcium 
cyanamide. 

CaC s + Nr — (a (\\ s + C 

An aqueous solution of cyanamide is obtained from this product by 
treatment with carbon dioxide. When this solution is made alkaline, 
dievandiamide precipitates from it, 

Nil 

II 

2H-N—<C«X ^ H-X—C—N—C«N 

I 

H 


but technically this is only a device for freeing cyanamide from water 
since, when dicyandiamide in the next reaction step is dissolved in 
liquid ammonia, it behaves like cyanamide. By treatment with ammo¬ 
nium nitrate in this liquid ammonia medium at 160° under 1500 lb. 
pressure the cyanamide is converted to guanidine nitrate and is obtained 
as a dry crystalline powder by spray evaporation of the liquid ammonia. 
The overall yield is said to Ik* 90^ of the theoretical.** 


NH 


MI 


H*N—0— X—C-X 

I 

H 


2H.X-C-N 2NI, - -- NO> > 2II 5 X—O—XIIj-HNOj 


A modification has been suggested which utilizes dry calcium 
cyanamide directly with ammonium nitrate in a flux with urea at 120° 
and atmospheric pressure. Ammonia is evolved, 

CaCN, -f NH«NO* —> Ca(NOj), + H*N—C(NH)—NH** HNO a 4- N T H S 

and is then returned, together with carbon dioxide, after the mixture is 
treated with hot water. 


Ca(NOa), + (NH 4 ),CO a 2XH 4 NO a + C«CO a 
'1'he yields and quality are comparable in the two processes. 


Nitroguanidine 

The guanidine nitrate produced in this manner will be contaminated 
with ammonium nitrate, but this does no harm if the product is to be 

pQdcn, Martin, and Swain. Ind. Eng. CKem.. 39. 952 (1947). 

Herring. Toombs. Stuart, and Wright, ibid., 38. 1315 (194G). 
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converted to nitroguanidine with sulfuric acid. This nitration proceeds 
quantitatively below 10°. The processes are coupled together since the 


H,X—C—XH*-HXO* 
NH 


H-ROi 


> H,N—C=NN0, + H.0 

I 

NH, 


waste sulfuric acid is used to release carbon dioxide from calcium car¬ 
bonate. 

Nitroguanidine is unique among explosives because its sensitiveness 
is much lower than that of TNT while its power is about equivalent and 
its rate of detonation is somewhat higher (7430 meters per second at 
d. 1.5). This is partly a consequence of the large volume of its gaseous 
explosion products. Because of its low sensitiveness it has been used as 
a pressed filling for armor-piercing shell, but its ordinary ncedle-like 
crystal habit makes attainment of high packing densities difficult. 
However, methods have been devised for increasing its bulk density 
from 0.3 to 1.0 by alteration of the crystal habit. It then can either 
be pressed easily or Ik* poured as a 1:1 slurry with 1N T. Because of its 
high melting point (232°) it cannot be used as a pourable explosive. 

The large gas volume from the explosion of nitroguanidine implies a 
low temperature and high thermodynamic efficiency. Because of these 
properties nitroguanidine has been adopted in several countries as a 
component in gun propellant. The gases issuing from the gun tend not 
to ignite because thev are cool, and thus the gun posit.on is not betrayed 
by luminous flash, although it may be betrayed by smoke. Perhaps 
more significant, low-temperature combustion in a gun barrel reduces 
wear and erosion and thus markedly prolongs the life of the gun. A 
disadvantage of the low-temperature propellant is the ammonia pro¬ 
duced in the gases, which may be objectionable to gun crews. 

The nitro group in nitroguanidine was originally thought to be in 
the 2 -position, XXXI. but Thiele" then suggested l-nitroguanidme 
XXII as the structure, chiefly because of the acidic property displayed 
|,y solubility in alkali. Reversion to the older structure is indicated, 


X—NO, 

H,N—C—NH- 
XXXI 


NH 

H,N—C—N HNO, 

XXXII 


m gtickland, Ross. Nutting. Rowell, an.. Pratt. U. S. Dept. Conferee. Washington 25. 
D. C.. PB Kept. 025 (1945). 

.» Pritchard and Wn«ht. Can. -** ,m ‘’- 

Franchimont. Hec. Ira r. ekim.. 10. 231 (isOI). 

*. Thiele. Ann.. 270. 1 (1892). 
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however, liecausc it has been found that when a strongly alkaline 
solution is chilled immediately it precipitates nitroguunidino and not 
the salt. 92 Potentiometric titration of a freshly prepared alkaline 
solution confirms that no acidic function is present. These laboratory 
results merely confirm the practical knowledge that nitroguanidinc does 
not cause acid corrosion of metals with which it comes in contact. 

When the dilute alkaline solution of 2-nitroguanidine, XXXI, is 
allowed to age, it becomes altered in two respects. After about 10 hours 
in vacuo it shows a true acidic function during potentiometric titration. 
Then at least 70 r i of the original nitroguanidinc can be recovered by 
acidification. 'This behavior is most simply elucidated as the slow 
tautomeric conversion of the highly symmetrical 2-nitroguanidine, 
XXXI, to the sodium salt of 1-nitroguanidine, XXXII. The second 
alteration in the alkaline solution involves decomposition of nitro¬ 
guanidinc to nitrourea, nitric acid and urea, carbon dioxide and ammo¬ 
nia. Since ammonia markedly accelerates this decomposition (probably 
by addition to the ketimino group), it might be expected that the 
spontaneous decomposition of non-cvacuated aqueous solutions of ni- 
troguanidine would be uutocatalytic. In consequence, it is important 
to minimize the heating time during commercial purification of nitro¬ 
guanidinc by crystallization. 


Alkyl and Aryl Nitroguanidines 


The tendency toward addition to the ketimino group, with subsequent 
alternative elimination to regenerate it, is shown by the typical con¬ 
version of nitroguanidinc to methylnitroguanidinc, MW XXXIII, by 
methylnminc. Further action of this amine on XXVIII leads to di- 
methylguanidine, XXXIV. The reactions are general in respect to 


CH, Nil, 

NH| NOj—N=C—Nil* 


II 


CH; 


. r. 

X—C-X—NO* 

Nils H 


II Nils 

Cll i— X—N NO, 


XXXIII 


Cll: 


II Nil 

x -i-N-ciij 

II 


XXXIV 

+ 

ll;N—NOj 


CH, 


II NH, 

JU—H- 

H-X II 


NO* 


h 


H, 


CllaNII; 


** llnrloD, Unit, ami \Vright. J. Am. Chcm. Soc.. 73. 2201 (1951). 
u Davis ami Abram*. Proe. Am. Acad. Arts Set.. 61, 437 (192ft). 
** McKay an«l Wright, J. Am. Chcm. Soc.. 69, 302S (1917). 
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amines and guanidines. The second transformation is irreversible 
because the liberated nitramide immediately decomposes into nitrous 
oxide and water. 

If the second intermediate in the above formulation were to lose the 
elements of ammonia instead of nitramide, a N.N'-dialkylnitroguanidine 
would be formed. This elimination has not been observer! with mono- 
alkylamines, but alkanediamincs react in this manner with nitro- 
guanidine. Thus ethvlenediamine reacts to give 2-nitriminoimida- 
zolidine, XXXV.* 5 

HjC—NH- XH, 

H*C—NHj NO*—X=C—NH; 

H 


CH; 

I 


N. /NH- 


lcH,-NHj HjX NHNOjJ 


n 

-NH, CH--.V /NH, 

I 

CH,—N / 'NHNO; 


NO; 


CH,-N 


d’H; 


Nsr 


NHNO; 


-N' N OR 
| INHR) 
>1 

XXXVII 



J -NH, 


UNO, 


C NHNO; (CH,l,CHOH 


CHj 


> A*V 


Nc-n-no, 


XXXVI 


H 

XXXV 


According to its behavior with alkali, XXXV is a nitriminc like 
2-nitroguanidine. Like other substituted nitroguanidines *‘- 9; it cun 
be nitrated to 1-nitro- 2 -nitramino-A 2 -imidazoline, XXXVI. This com¬ 
pound is formulated as a primary nitramine because potent iometric 
titration of its freshly prepared alkaline solution shows a single acidic 
function, but it should be realized that it, too, might be a nitriminc as 
is indicated by its dipole moment (Kumlcr, private communication). 

Guanidines containing a secondary nitramino linkage frequently un¬ 
dergo eliminative fission in alkaline solution * K (XXXVIII «=* 
but this cannot occur in l-nitro- 2 -nitramino-A 2 -imidazoline, XXXM, 


I 

CM 


NO* 

1 

t — N\ NaOII 

X’—NH < > 


NO, 

1 

CHr 

-N-H 

| 


X' HO 

1 

CHr 

—N—H 

1 

C=N 

II 


XXXVIII 


XXXIX 


(X:.) 

<Nn) 


and addition occurs instead. Thus it will add alkyl amines to give 

l-nitro-2-nitramino-2-alkylaminoimidazohdines, XXXMI, and som 


- McKay and Wright, ibid.. 70. 430 (IlMM. 

* Mr Kay and Milks, ibid.. 72. 161b (l9 J°>- 

\lc Knv Bryce, and Kmngton. Can. J. 29, •«- 

. Mee^ and Wright. 7. Am. CW **.. 74. 2077 (1052,. 
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alcohols to give l-nitro-2-nitramino-2-alkoxyimidazolidines, XXXVII, 
although other alcohols cause elimination of the secondary nitro group, 
and nitriminoimidazolidine, XXXV, is regenerated. 

The primary nitramino group in compounds of type XXXVII for¬ 
mally resembles that in alkyl primary nitramides (RNHNOo), and the 
chemical behavior is likewise similar. Thus nitrous oxide is evolved 
upon treatment with acetyl chloride. The resulting cyclic isourea then 
usually undergoes eliminative fission.” 1 * 0 

Not ever}' guanidine can Ik* nitrated with mixed acid or with nitric 
acid in acetic anhydride. Typical is uzo-6/x-formamidinc dinitrate, XL. 
However, if it is converted to azo-6/a-ehloroformamidine, XLI, this 
compound may be nitrated to azo-6M-nitroformamidine, , ® , XLII. This 


NH, 

I 

C=NH 

I 

N 

|| -2HNO, 
N 

I 

C==NH 

I 

NH, 

XL 


noci 


NH, 

I 

C=NCI 

I 

N 

II 
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C=NCI 

I 

NH, 

XLI 


HNQ» 

Ar-0 


NH, 

I 

C=N—NO, 

I 

N 

II 

N 

I 

C=X—NO, 

I 

NH, 

XLI I 


behavior is strongly reminiscent of the nitration of aliphatic secondary 
amines described on p. 988 and might well indicate a formal relationship 
between the ketimino group and the secondary amino group. Certainly 
the nitration of the ketimino group in amidines is not unprecedented. ,w 




Nitrosoguanidines 

The nitrosation of alkylnitroguanidines proceeds smoothly, and the 
alkylnitrosamino group in the product may be replaced by other primary 
alkylamino or arylamino groups. Methylnitroguanidine, XXXIII, pro- 

” HaU. McKay, and Wright, ibid.. 73, 2205 (1951). 

Hall and Wright, ibid.. 73, 220S. 2213 (1951). 

Wright. Can. J. Chem., 30. 62 (1952). 

Chichibabin and Kirsanov, Ber.. 61. 1236-1244 (1928). 
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vides a convenient synthetic tool. The rate of amination seems to be 
directly proportional to the base strength of the primary amines in 
aqueous solution. 103 The reaction proceeds, also, with some secondary 
amines. The second product of the amination reaction, methylnitros- 
amine, XLV, is of interest, first, because it tends to methylate aromatic 


XXXIII -^> CM: 


NO NH; 

KN1I; 

X—C=N—NO*-> 


Nl III 


II NH S 

R —X— O—N — NOj + CH3XHXO 

XLIV XLV 

amines used in the amination reaction (XLIII —* XLI\), either 
directly or via its dehydration product, diazomethane. 104 Second, XL\ 
can be produced alone from mcthylnitrosonitroguanidine, XLIII, bv 
treatment of the latter with aqueous alkali. Not only does this provide 
a convenient source of diazomethane, but also substituted diazomethanes 
may be produced by amination of XLIII followed successively by ni- 
trosation and alkaline decomposition steps. 10110 '’ 

The easy nitrosation of the secondary amino group is in marked 
contrast to the difficulty of nitrosation of the primary amino group in 
guanidine or nitroguanidine. For example, nitrosoguanidine must be 
prepared indirectly by reduction of nitroguanidine with zinc and aqueous 
ammonium chloride solution 107 or by catalytic reduction "* 

Little consideration has been given to nitroso compounds as explosives 
because the characteristics of low oxygen contribution (—NO vs. -M> 2 > 
and low stability usually combine to make them undesirable. Nitro¬ 
soguanidine falls into this category, but. if its properties were combined 
into an analogous molecule of greater stability, a useful flamc-sensitne 
explosive mi K ht be obtained. Nitrosoguanidine is notable ... its 
sensitivity to friction, impact, and temperature (it will explode at 05) 
and for its low temperature of explosion as well as its low late of 

nation. 

io> MeKov. Chemistry in Canada. 3. 37 (1951). 

.o. Henry. J. Am. CW 72. 32S7 (1950,. 

MoKnv. ibid., 70. 1947 (194S). 

: «.««>• 

■oi Licber and Smith, ibid.. 67, 24#9 (19.15). 
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Tetracene 

When nitroguanidine is reduced with zinc and acetic acid, it forms ami- 
noguanidine, XLVI. 10 * Treatment of the salt with sodium nitrite in the 
absence of acid evidently converts it to nitrosaminoguanidine, XLYII, 
some of which must lose water to form guanyl azide, XL\ III.* 1 - 110 1 he 
final product has been designated l-guanyl- 4 -nitrosaminoguanyliso- 
tetrazene, XLIX, which would result if the primary amino group of 
XLYII would add to the azido group of XLVIII, and if the addition 
product would undergo two 1,3-shifts of hydrogen. I he addition prod- 


NH, 

I 

C—NH 

I 

NH 

I 

NH- 


XLVI 


NH, 

C=XH 

I 

NH 
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uct, XLIX, is known as Tetracene. It is extremely flame- or heat- 
sensitive and therefore is useful for replacement or sensitization of other 

,w Licl>or ami Smith. Chtm. Rera.. 26, 213 (1939). 

1,9 Thiele, 302, 332 (189S). 
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primary explosives such as mercuric fulminate or lead azide for use in 
initiating devices such as electric detonators. 

When aminoguanidine is treated with nitrous acid in the presence of 
nitric acid, it is converted to guanyl azide alone, which precipitates as 
its nitrate salt. Oyclization of the guanyl azide occurs when it is treated 
with acids or weak bases, and 5-aminotetrazole, L, is the product, this 
may be diazotized to a 5-tetrazolyldiazonium salt, LI, and so it is not 
surprising that aminoguanidine, when nitrosated in acetic acid, forms 
a condensation product of L and LI which is ditetrazolyltriazene, LI I. 
This compound, also, is a heat-sensitive explosive. 

Similar reactions with aminonitroguanidine have been carried out to 
give nitraminotetrazole 1,1 and its derivatives. The high energies and 
large gas volumes available from the explosion of these derivatives arc 
attractive, though such substances suffer from the disadvantage of 
relatively high water solubility, which limits their usefulness as com¬ 
ponents in gun propellants. 
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INTRODUCTION 

The reactions of organic compounds with gases under pressure have 
been hi vest igated for many years, but until about 1930 hydrogena on 
r t 0 system that had received the most detailed study. I hut eha£ 
however, with reactions involving organic ™mpoumls 
I substances other than hydrogen* that are normally gaseous und 
.1, corn! tIons. The reactions discussed in this chapter are usu¬ 
ally conducted at superatmospheric pressures, for example, at pressm.s 

por a discussion ot hydro,™.,ion and Hydrolysis. CHn.dcr 9 in V.. > «' 

this Treatise. 
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from 15 to 30,000 pounds per square inch; the majority of them are 
effected at pressures between 100 and 10,000 p.s.i. • 

To keep the chapter in reasonable bounds, it is proposed to limit 
the discussion to reactions under pressure that yield an organic com¬ 
pound as the end product. Limitations have also been placed on the 
coverage of such voluminous topics as the condensation of carbon mon¬ 
oxide and hydrogen (Fischer-Tropsch), and hydrogenation itself. 

The goal of the authors lias l>con to prepare a stimulating rather than 
an exhaustive coverage of high-pressure reactions. For certain reac¬ 
tions, mechanisms have been suggested that may coincide with one 
reader’s viewpoint and completely disagree with another's analysis of 
the course of the reaction. In either case, it is felt that it is better to 
propose a specific mechanism in most reactions, because new concepts 
of mechanisms are often evolved through an individual's urgent desire 
to disprove one that has i>cen postulated. 

In all high-pressure work it is important to keep in mind that the 
upper levels of temperature and pressure for safe operation of equip¬ 
ment are constantly being extended, with the result that new reactions 
are found as these limits are raised. This rapid improvement of equip¬ 
ment adds to the attractiveness of pressure reactions as a field of re¬ 
search but at the same time makes the cost high. 

The treatment is more exhaustive in some portions of the chapter 
than in others. This is intentional, to emphasize those reactions and 
techniques that have received less recognition and study. It is hoped 
that this selective coverage will result in the development of new ideas. 


REACTIONS OF GASEOUS SATURATED HYDROCARBONS 
UNDER PRESSURE 


The gaseous saturated hydrocarbons have often been classified as 
generally non-reactive. This statement is appropriate provided that the 
reaction temperatures are limited to those ordinarily used with glass 
equipment. However, at elevated temperatures, and in suitable equip¬ 
ment, these compounds undergo reactions which lead to the formation 
of important aliphatic compounds. These hydrocarbons, which include 
methane, ethane, propane, and the butanes, are available in tremendous 
quantities from natural gas and petroleum refining operations, 1 and 


Since the literature docs not always distinguish between absolute and gauge pressures 
the authors have not attempted to put all pressures on the same scale. The literature 
p'° h U ' th “j nf °rm»tion is desired. Temperatures given originally in 
1 ahrenhcit have been converted to Centigrade, sometimes to tho nearest 5° 

r^!°p.o' Th ' ° f pur * p-wuw* 
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constitute a great potential source of chemicals and liquid fuels. The 
economical conversion of these gases into more useful products is a 
challenging task for the organic chemist and is of national importance 
for the efficient utilization of our hydrocarbon resources. 

Because of the stability of these hydrocarbons, their utilization as 
chemical raw materials is often difficult. The conditions for initiating 
reaction must be drastic, so that control becomes a problem and the 
desired product may undergo further changes before it can be removed 
from the reaction zone. These two factors often result in low yields 
and make extensive recycling, separation, and purification steps neces¬ 
sary. Nevertheless, progress has been and is being made in this field. 

it is not the purpose of this section to review the general chemistry 
of these compounds but rather to point out some specific instances in 
which use of pressure produces favorable results in their conversion 
to more useful materials. Since the conditions employed in carrying 
out these hydrocurl>on reactions are not easily obtained with laboratory 
equipment, the industrial phases of these reactions will be emphasized. 


Partial Oxidation under Pressure 


Conversion to Liquid Oxygenated Aliphatic Compounds. The very 
large quantities of gaseous saturated hydrocarl>ons available from nat¬ 
ural gas make the conversion of these compounds bv controlled oxida¬ 
tion into useful oxygenated aliphatic compounds, such as formalde¬ 
hyde, methanol, acetic acid, acetone, and propanol, economically at¬ 
tract ivc. 3 -' 7 In tl>e case of propane, as a constituent of natural gas, 


* See reviews in Ellb. “The Chemistry of Petroleum Derivatives.; 1 Reinhold l^l.ji^init 

(' Ww York (1037> Vol. II. p. 866: GroRRin*. ’Tmt IVoce.-we*mOrganic S> ntlie . 

"*fw£j!Sh .nd Frolicl,. /-/. «.*■ 26 . 207 <IW4>. 

«Jnmes. U. S. pat. 1.858.095. 

* Frolirh. l T . S. pat. 1.858.822. 

* Nniinuu and Lcrrcii. V. S. « mt V*‘ o 0IS *hm 
■ Burke and Fryling. V. S. p-u. I 99 ..<44 and 2J.IS K.4. 

* Burke Fryling. ami Schumann. Ind. En K . ( hrm.. 24 sm 

■■ Si hneider and Sommer. U. S. pat. -.0o.. 15. 

" .. 

'* Bone and Newitt. V. S. |>at. -.196.188. 

Walker. U. S. pat. 2.I86.68R. 

<• Owen and Parker. V. S pat 
»» Allemnn ami Jolly. I • S. pat. 
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some of these reactions may be written in abbreviated form, as shown, 

C'HjO 

CHjOH 

CHaCHO 

xCHaCH-C’Ha + y () 2 -> CTIjCOCH* 

CHaCHaCHjOH 

CHaCOOH 

C'H,CHjCOOH 

the other products being water and the oxides of carbon. 

Many attempts have been made to develop practical methods for 
obtaining partial oxidation products from the gaseous saturated hydro¬ 
carbons, but it was not until 1934 that Walker “ made observations 
that led to a practical oxidation process. This came about as a result 
of his study on the reduction of corrosion in pipe lines carrying natural 
gas; the oxygen content was reduced to a low point by heating the 
gas, which caused the oxygen present to react with the saturated hydro¬ 
carbon constituents of the gas. A study of the reaction revealed that 
oxygenated organic compounds were formed in yields higher than those 
previously reported. The principal differences between Walker's ex¬ 
periments and those of earlier investigators were that in Walker's work 
the oxidation was carried out under pressure (natural gas is commonly 
available and piped under pressure) and that the natural gas contained 
only a small percentage of oxygen. This led Walker and other investi¬ 
gators to search for the optimum conditions for partial oxidation of 
gaseous hydrocarbons. These studies showed that natural gas could be 
partially oxidized satisfactorily if 5 to 10 volume per cent of oxygen 
was added, which gave a reactive but non-explosive mixture, and the 
mixture was then heated to a temperature of 400 500° under 200-500 
P-s i. pressure for less than l second.'* ,s The oxygenated products 
could be separated from the reaction stream by scrubbing with water. 
Pressure also aided this recovery operation, and the treated natural 
gas, after partial oxidation, either was fed into pipe lines und distributed 
for heating purposes, or was mixed with additional air and the reaction 
was repeated. 

When the operation was carried out to convert all the hydrocarbons 
present, by recycling to extinction, pure oxygen was used as the oxidiz¬ 
ing agent, since the nitrogen present in air soon diluted the reaction 
mixture beyond a workable limit. Under these conditions, 30% of the 
hydrocarbon fed into the reactor was converted to partially oxygenated 
organic compounds in a yield of 60% based on the amount of hydro¬ 
carbon oxidized. The remainder appeared as carbon dioxide and water. 

u Walker. U. S. pat. 1,960,212. 
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A typical method of operation is as follows. Gas from a refinery dc- 
cthanizing operation, containing about 5% methane, 37% ethane, 34% 
propane, and 1% butane, and having a heating value of 1960 B.t.u./ 
cu. ft., is mixed with gas recycled from the oxidation process and passed 
through a preheater under 300 p.s.i. pressure. The temperature of the 
gas leaving the preheater is about 300°. At the reactor inlet this com¬ 
bined stream is mixed with an amount of cold air equal to 8.1G times 
its volume. Thereafter, as the oxidation proceeds, the temperature 
rises, slowly at first and then more rapidly, to a peak of 445°, at which 
point all the oxygen is consumed. This reaction takes place in less than 
1 second. 

The effluent from the reactor is then passed to a separator where the 
so-called chemical crude is withdrawn. A typical analysis of this crude 
product is shown. 

r— / . \ 



% <wt) 

Total alcohols (as CHjOH) 

37 

Total aldehydes (as HCHO) 

30 

Total ketones (as CHjCOCHa) 

2 

Total acids (as HCOOH) 

0.5 

Water 

30 


At the outlet of the separator the temperature is 21°, and the pres¬ 
sure is about 250 p.s.i. The bulk of the gas stream is recycled to the re¬ 
actor, but to prevent the accumulation of inert gases a portion of the 
gas is vented to the atmosphere after most of its hvdrocarl>ons have 
been stripped and returned to the reaction system. The yield of crude 
chemicals in the overall operation is almut 9 gal., 1000 cu. ft. of dc- 


ethanized gas. 

Attempts to improve this process by the use of catalysts oi heat- 
retaining agents have been unsuccessful, and at present the 

best operating conditions involve carrying out the reaction in a large 
fix*e space in fhc absence of a catalyst or inert materials.- It has been 
found, however, that the oxidation reaction can be made more selec¬ 
tive if various amounts of steam are added with the oxygen o. mt 
he hydrocarbon mixture.* ” The presence of steam » generally be- 
lieved to shift the yield of products slightly toward the 
compounds of higher molecular weight. In a study on the effect of the 
iti n () f na tural gas on the yield of the oxidation product., 

-C hat h eld increase,! with the B.t.u. value of the gas fed 
was found that tnc > ^ ^ ^ ^ of oxld ation to usefu 

product's was in the decreasing order of butane, propane, ethane, and 


.» BluJnorth. U. S. pal- 2.369.710. 
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methane. In general, it can be stated that pure methane is essentially 
inert in this reaction under the conditions used and that very little of 
the oxygenated compounds is derived from this hydrocarbon. There¬ 
fore, recent work has been directed toward a study of the oxidation of 
propane and butane in an effort to obtain higher yields of desirable 
products. 

Detailed studies of the thermal stability of the oxidation products, 
such as formaldehyde, methanol, and acetaldehyde, have definitely 
shown that these materials are more stable under supcratmospheric 
pressures. 3 -* 0 This increased stability, coupled with the fact that the 
partial combustion of natural gas will occur at lower temperatures 
under pressure, undoubtedly accounts for the greatly increased yield 
as the pressure is raised. 3 - 1 * 51 One might anticipate the increased sta¬ 
bility of formaldehyde and methanol with increased pressure when it 
is considered that the decomposition of one mole of formaldehyde re¬ 
sults in the formation of one mole of carbon monoxide and one mole of 
hydrogen, and the decomposition of one mole of methanol yields one 
mole of carbon monoxide and two moles of hydrogen. 

The improved yields resulting from operation under pressure are un¬ 
doubtedly closely related not only to the foregoing but also to the fact 
that as the pressure is raised the heat transfer of the system is increased. 
This means that the reaction temperature can be controlled with greater 
accuracy and that it is not as likely that hot spots will develop in the 
reaction system. 

The mechanisms of these oxidation reactions are not known, although 
they are generally believed to involve free radicals. This may be why 
control of pressure, temperature, and reaction time is extremely im¬ 
portant. On the basis of this concept, attempts have been made to 
catalyze the reaction by the use of free-radical-producing materials, 
such as acetyl peroxide and tetraethyllead, but the reaction tempera¬ 
ture is so high that these materials do not produce any marked differ¬ 
ence in the yield or nature of the products. 

Conversion of Methane or Natural Gas to Carbon Monoride and 
Hydrogen. The most important reaction of methane is its conversion 
to carbon monoxide and hydrogen, because various mixtures of these 
gases form the raw materials for the synthesis of several large-volume 
organic chemicals. 

Methane can be converted to carbon monoxide and hydrogen by 
three general reactions. The first is the reaction of methane with steam 

w Hurd. "The Pyrolysis of Carbon Compounds." Chemical Catalog Co., Now York 
(1929), pp. 148. 149, 236. 

M Groggins. ref. 2. p. 46S. 
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in the presence of a catalyst (e.g., nickel) to yield carbon monoxide and 
hydrogen"- 23 - 4 This reaction, illustrated by the following equation, is 
endothermic. 

CH, + H 2 0 — CO + 3H 2 
MI at 1300°K. = 54.324 cal. 5 * 54 

It is seen from this equation that the reaction produces 3 volumes of 
hydrogen to 1 volume of carbon monoxide. This is an ideal method for 
producing a gas with a high percentage of hydrogen. However, for 
many syntheses a gas of this composition contains too much hydrogen, 
and it is desirable to make a gas of lower hydrogen content. This can 
be accomplished by means of the second general reaction, that of meth¬ 
ane with carbon dioxide, according to the following equation. 

CH 4 + C0 2 — 2CO -f 2H 2 

MI at 1300°K. = 61,944 cal.** * 


Since these two reactions occur under quite similar conditions, it is pos¬ 
sible to vary the ratio of carbon monoxide to hydrogen in the product 
by charging various mixtures of steam and carbon dioxide with methane. 

These t wo reactions are the oldest for the synthesis of carbon monoxide 
and hydrogen from natural gas. Such a reaction is generally known as 
“re-forming” and is one of the most thoroughly studied in the entire 
organic field. Much has been written on the chemistry, mechanism, 
equilibria, and optimum conditions for this reaction. 

The process is normally carried out in a “re-forming furnace. Ihe 
temperature of the furnace must be controlled so that the tubes can 
stand the pressure at the reaction temperature. For commercial opera¬ 
tion these tubes are usually about 15 ft. long and 2 in. to 4 in. in inter¬ 
nal diameter. They are packed with a catalyst containing about 20 <> 
nickel. The composition of the catalyst carrier makes a very significant 
difference in the rate at which equilibrium is reached. The most active 
catalyst known for this reaction has the following approximate compo¬ 


sition. 

Nickel oxide 22.2% 

Alumina 12.8 

Silica 24.2 

Magnesia I*- 6 


Calcium oxide 21.7% 

Chromium oxide l- ft 

Iron oxide 3.5 

Ollier constituents 2.5 


a lfol>ertr«. I*. S. pat. 2,185.989. 

*» KZu Wilson, and Keith. C * pat. *!«*». 

*• Roberts. Marshall. Wilson, and Keith. I. S. • *; 


» Wngmnn, Kilpatrick. Taylor. Pitier. 


and Rossini. J. Hr.rarch Xall. It»r. Standards. 


Atwood, Bennett, nnd Bon*,.. M. 40. 020 <.«»,. 
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This particular catalyst has nearly twice the activity of some of the 
other standard re-forming catalysts. Since this nickel catalyst is sen¬ 
sitive to sulfur, it is necessary that hydrogen sulfide he removed from 
the natural gas before it comes in contact with the catalyst. This is 
done by the conventional iron or ethanolamine processes. In re-form¬ 
ing, it is desirable to use as little steam as possible because of the heat 
required to produce it. Generally, about two moles of steam are em¬ 
ployed per mole of methane or “methane equivalent." This ratio is 
satisfactory for either low-pressure or high-pressure operation provided 
that the natural gas or refinery gas does not contain a large proportion 
of olefins. If the olefin content is high, it is necessary to raise the steam- 
to-methanc ratio from 2 to 1 to about 2.5 to 1 in order to reduce for¬ 
mation of carbon. 

Commercial re-forming furnaces, operating at atmospheric or high 
pressure, will yield mixtures of gases in proportions that correspond 
very closely to the calculated equilibrium values. From this "synthe¬ 
sis gas” a number of organic com|Miunds can Ik* made; these will be dis¬ 
cussed under the reactions of car!>on monoxide. It should be pointed 
out here, however, that this is also the major source of hydrogen for 
commercial hydrogenation installations. The conventional method of 
converting synthesis gas to technical hydrogen is to subject the synthe¬ 
sis gas to the so-called "shift reaction," which consists in passing the 
mixture of carbon monoxide and hydrogen along with steam over a 
catalyst of iron oxide to produce carbon dioxide and hydrogen. This 
product is then scrubbed either with water under pressure or with 
ethanolamine to remove the carbon dioxide and leave relatively pure 
hydrogen. The Inst traces of carbon monoxide are removed by hydro¬ 
genation to methane, which is left in the hydrogen as an inert impurity. 

Combustion of Methane or Natural Gas to Carbon Monoxide and 
Hydrogen. The re-forming reaction is limited in its application for 
certain large-scale operations because (1) re-forming is an endothermic 
reaction and, therefore, the size of the tubes and the heat-transfer rate 
of the system are limiting factors, and (2) with present materials of 
construction one cannot run this reaction at pressures above 75 p.s.i. 
These limitations have led to a detailed study of the third general reac¬ 
tion for the preparation of synthesis gas: partial combustion of natural 
gas with oxygen. 2 *- 17 -’* Theoretically, this reaction requires mole of 
oxygen per mole of methane and a temperature in excess of 816°. How¬ 
ever, the higher the temperature used, the lower will be the carbon di¬ 
oxide and methane content of the exit gas. 2 * 5 * Because of the possi- 

Jr Marek and Hahn. ref. 2. p. 154. 

* Montgomery. Weiniwrfcr. and Hoffman. Itul. Eng . Chrm., 40. GOl (1948). 
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bility of carrying out this reaction at temperatures of the order of 1650° 
and pressures of 200-400 p.s.i., it has potential industrial importance. 
Simultaneously with the work on partial combustion with oxygen, new 
techniques were developed for obtaining oxygen of high purity at low 
cost, (‘heap oxygen is an important economic factor in the commercial 
utilization of this reaction. It was believed initially, and was later 
proved experimentally, that the partial combustion system is easier to 
operate on a large scale than the re-forming reaction. One of the ex¬ 
perimental difficulties encountered in carrying out partial combustion 
was that, if the oxygen content was too great, the temperature became so 
high that the reaction was likely to get out of control and damage the 
equipment. On the other hand, if the oxygen content was not kept high 
enough, carbon formed in the system and handling of the exit gases 
became extremely difficult from a mechanical point of view. Ordinarily, 
the combustion reaction can be written as follows. 


CH 4 + *0, - CO + 2H, 

Ml at 1300°K. - -">299 cal.” 

This reaction was carried out by preheating the natural gas, which was 
essentially methane, to a temperature of about 538°, mixing this with 
0.56 mole of 100% oxygen, and bringing the mixture into a combustion 
chamber at pressures of 200-400 p.s.i. Under these conditions the 
exothermic reaction occurs, producing essentially carbon monoxide and 
hydrogen. The composition of the gas follows exactly the equilibrium 
values which can be calculated from the thermodynamic data available. 
Many investigators have studied catalysts for this reaction, but the 
results are not us attractive as those of straight combustion 2,30 m an 
empt v combust ion furnace. Careful cont rol is necessary, as pointed out 
•ibove in order to prevent the deposition of carbon due to the incomplete 
combust ion of the methane. A typical method of operation is as follows. 
Natural gas containing about 90% CH 4 , 4% C 2 H fl , 1.5 o 
C.II.n and 2.5% of other constituents is passed through a preheater 
the burners of a refractory-lined combustion chamber, where it mcc s 
and reacts with a heated stream of oxygen. The streams of »»«»«»' _ 

are preheated to temperatures that give an effective preheat of • • 
hc mixture. The reactor is operated at 275 p.s.i. pressure, and 
temperature is about 1370°. The product of this reaction is a synlhcM. 
gas of the following composition on a dry basis. 


II, 

CO 


35. 


CO* 

(ib 


1 . 2 r , 

2.2 


» Kemp. U. S. l>at. 2.4G1.0IH. 


* Lnyng. U. S. pal. 2.465,462. 
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The conversion of the carbon fed as C'II 4 is 93.5%. If the operation 
described above is conducted in more than one vessel, the feed gases are 
given a somewhat greater effective preheat to make up for increased 
heat loss from the combustion chambers. This is the type of process 
which is being used in the synthetic fuel plant at Brownsville, Texas. 


Chlorination of Saturated Hydrocarbons under Pressure 

The mono-and polychloro derivatives of the lower alkanes constitute 
an economically and technically important group of compounds, and 
their preparation has been studied in detail.* 1 The chlorination of 
alkanes is not ordinarily carried out as a pressure reaction. As is obvious 
from the equations 

C’nHjn +5 + Cl* - C n H3h+|CI + HCI 

C m H in +t + 2CI* — C.H*.CI* + 2HCI 

every mole of chlorine reacting produces a mole of hydrogen chloride. 
Consequently, there is no significant volume change in the system. 
These reactions are therefore not very sensitive to pressure, and the 
equilibrium constant is favorable at 1 atm. Furthermore, the difficulty 
of controlling direct chlorination reactions, which are exothermic,* 2 
may in some cases dictate against increasing the concentration of 
reactants through the application of pressure, and, in fact, subatmos- 
phcric pressures, or diluents arc sometimes used. Ncvcrtheless, pressure 
does produce special effects in certain cases as is shown in some inter¬ 
esting experimental work reported in this field.**-** One example will 
suffice. In the chlorination of propane at 185-300° and at pressures up 
to 4000 p.s.i., it was found than an increase in pressure caused an in¬ 
crease in the relative rate of primary substitution as compared to 
secondary substitution, thus favoring higher yields of 1-chloropro- 
pane. 31-35 Although it was found that increased pressure also increased 
the overall chlorination rate, as was expected, tending to make control 
more difficult, this was offset by the fact that lower reaction temperatures 
could be used, and better heat transfer was obtained.** 

It should be noted, however, that chlorinolysis, effected by the action 

11 Sec reviews by Groggins and Newton and by Ewell in Groggins. ref. 2. pp. 108 fT.; 
McBec. Ind . Eng. Chem.. 40. 1G11 (194S); Ellis, ref. 2. Vol. I. pp. 6S6 fT.. Vol. II. pp. 720 fT.; 
and EglofT. Schuad. and Lowry. Chem. Ren.. 8. 1 (1931). 

° Ewell, ref. 31. gives -23 to -27 lccal. for AH of chlorination. 

" Hass - McBec. and Hatch. Ind. Eng. Chem.. 29. 1335 (1937). 

u McBec. Hass, and Pianfetti. ibid., 33, 1S5 (1941). 

* Hasa and McBec. U. S. pat. 2.105.733. 

" McBec. Hass, and Pierson, Ind. Eng. Chem.. 33, 181 (1941). 
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of a large excess of chlorine on initial chlorination products, is very 
sensitive to pressure. For example, hexachlorobutadiene, resulting 
from the chlorination of polychloropentanes, was readily converted to 
hexachloroethane at 400° and pressures above 1000 p.s.i., 

C 4 CU + 301* — 20,01. 

although operation at 1 atm. resulted in considerable carbonization and 
very little chlorinolvsis.” 


Nitration of Saturated Hydrocarbons under Pressure 

The preparation of nitroparaffins by the direct, high-temperature, 
vapor-phase nitration of the lower saturated hydrocarbons is a de¬ 
velopment that made available in quantity a versatile group of com¬ 
pounds useful as intermediates, solvents, etc. a;_i; This nitration 
reaction s * can be ideally represented as 

RH + UNO* — UNO, + 11-0 
AF° - -25,975 - 5.71.7’ 


In practice some decomposition and oxidation products are also pro¬ 
duced . 3H 

The conditions for the nitration of the lower paraffins are entirely 
different from those used for the nitration of aromatic hydrocarbons in 


« Hus.', Hodge. mid Vanderbilt, Aid .. 28. 339 (1930). 

M Him and Pit tenon. Aul., 30. 07 (1938). 

19 Vanderbilt and I loan. ibid.. 32. 34 (1040). 

" Boyd and IIm, ibid.. 34. 300 (1942). 

11 Hom nn«l Riley. Chem. Rett., 32. 373 (1943). 

a Haw, Shochter, Alexander, and Hatcher, htd. fc’njt. Chrm.. 39. 919 (1947) 

° Husa. Hod Re. and Vanderbilt. t T . S. pat. 1.967.007. 

44 Haw and Hodge. V. S. pats. 2.071.122 and 2.206.813. 

44 Hodge. U. S. pats. 2.150.120 and 2.230.906. 

44 Ho<lgc and Swollen, U. S. pat. 2.230.905. 

45 Martin and Hodge. IT. S. pat. 2.150.123 and reissue 21.057. 

44 Kiewcg. U. S. pat. 2.153.063. 

44 Martin. U. S. pats. 2.153.005 and 2.200.258. 
m London. U. S. pat?*. 2.161.475 and 2.104.774. 

41 Johnson. U. S. pat. 2.213.444. 
m Rideout. U. S. pat. 2.291.345. 
u Lippincott. U. S. pat. 2.346.441. 

44 Levy. IT. S. pats. 2.382.241 and 2.394.315. 

44 Stengel and Kgly. U. S. pat. 2.418.241. 

44 Levy. Scaife. and Bryson. U. S. pat. 2.455.425. 

I! Caledon," McGrow-.. Co.. New York (111. 

. 221. 
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that the reaction occurs in the vapor phase at 300-600° with a high 
hydrocarbon to nitric acid ratio and contact times of the order of 
seconds. 

Hass 41 found that pressure increased the rate of reaction without 
greatly affecting the conversion. This fact has been useful in improving 
the process for the nitration of methane. Methane is easier to nitrate 
under pressure than at I atm., 11015 and increased pressure allows the 
operating temperature to be lowered, the thermal dissociation of the 
product being accordingly reduced. Hass obtained a 27.2% yield of 
nitromethane at 444° and 100 p.s.i. pressure with a methane/nitric acid 
ratio of 10.4/1 and a contact time of 0.76 second 11 compared to a 
maximum yield at atmospheric pressure of 13% obtained at 475° with a 
methane/nitric acid ratio of 9/1 and a contact time of 0.18 second. 40 
Landon 50 obtained increased yields of nitromethane in his study on the 
nitration of methane under pressure in the range of 100-800 p.s.i. at 
450° and a methane, nitric acid ratio of 10 1. 

POLYMERIZATION OF ETHYLENE AT PRESSURES BELOW 7600 P.S.I. 

The polymerization of ethylene to higher hydrocarbons is ideally 
represented by the following equation. 

aCHj-CH, -* (—CH,CH S —)„ 

Cm Cm. liquid. or solid 

This reaction occurs with a marked decrease in volume and is, therefore, 
very responsive to variations in pressure. 4 *** 

The polymerization of ethylene under pressure can be classified under 
three broad, general types of reaction: (1) thermal polymerization, that 
is, the polymerization of the ethylene without intentionally adding any 
foreign substance to act as catalyst; (2) the polymerization by ionic or 
Fricdel-Crafts type catalysts; and (3) the polymerization initiated by 
oxygen or other free-radical-producing agents. Each of these three 
categories of reactions has its own optimum range of operating pressure. 
The thermal and the ion-catalyzed polymerizations have been studied 
principally at pressures below 3000 p.s.i., whereas the polymerization 

11 Dunstan. Horuc. and Wheeler. Ind. Eng. Chrm.. 26, 307 (1934); J. Soc. Chrm. Ind. 
(London), 61, 131T (1932). 

* Ipatieff. J. Riui. Phut. Chrm. Soe.. 38. 63 (1906) ICArro. Zenlr., II. 86 (1906)1; J- 
Chrm. Soc., 92, 5 (1907); lie r.. 44. 2978 (1911) |C5*m. Zentr., II. 1777 (1911)); J. Ruts. 
Phut. Chrm. Soc.. 43. 1420 (1911) (C. A.. 6. 736 (1912)). 

* ErIoIT. ref. 1, p. 260. 

** Kgloff and Wilson. Ind. Eng. Chrm.. 27, 917 (1935). 

“ Sullivan. Uuthruff, and Kuentxel. ibid.. 27, 1072 (1935). 

u Wiexevich and Whiteley. U. S. pat. 1.981.819. 
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initiated by oxygen or free radicals usually required pressures in excess 
of 7500 p.s.i., and often of the order of 15,000 p.s.i. 

As in other work at high pressures, it is important to remember that 
the pressures and temperatures used in the earlier studies were definitely 
limited by the equipment available to the early investigators. A 
reinvestigation of this field under broader conditions of temperature and 
pressure will undoubtedly lead to additional interesting results, as it has 
in the past. 

Thermal Polymerization 


The work on thermal polymerization has been principally for the 
purpose of converting ethylene to motor fuels 59 - 6 *" 74 and lubricants. 
The economic desirability of thus utilizing the enormous quantities of 
ethylene produced in refinery cracking operations has been a strong 
incentive in this work, and over a thousand patents have been issued in 
this field. These patents are extremely difficult to evaluate because, in 
general, the investigators were not working with pure material and in 
many cases did not bother to ascertain what foreign substances might 
be present. This greatly confuses the picture and sometimes makes the 


data directly contradictor}'. 

During the thermal polymerization of ethylene a large number of side 
reactions occur, either during the process of polymerization or as a 
result of heating the olefin polymers to a high temperature for a long 
period of time. This results in extremely complex products. Ethylene 
is the most difficult of the gaseous olefins to polymerize thermally,* 5 and 
in the region below 3000 p.s.i., relatively high temperatures (300 000°) 
and long contact times are necessary to obtain good conversions. At 
these elevated temperatures and long contact times some cracking, 
isomerization, dehydrogenation, hydrogenation, eyclization, and alkyl¬ 
ation of the simple polymer undoubtedly occur. Because of this it has 
been suggested that the terms “thermal conversion” or ‘ thormu 
decomposition” are more appropriate to define this field than “thermal 

polymerization.” 66 


“ SCO ERloff. ref. 1. pp. 243 ff.. for a discussion of tl.o relative stability of olefins. 

•i Nash. Stanley, and Bowen, ibid.. 16. 830 (1930). 

•« Waterman ami Tullencrs. ibid., 17. 506 (1931). 

« Frolich and Wiexcvich. hul. Eng. CKtm.. 27. 1055 (1935). 
to prey, U. S. pat. 1,847.240. 

•* Wtiffncr Ind. Ene. Chrm.. 27. 933 (1935). 
a Sullivan. RuthrufT. ^Euent.el ^ • 27 ^ 2 < ^f ) - 

~ . . 

New York (1937). PP-222 IT. 
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Ipatieff was the first investigator to study the polymerization of 
ethylene under pressure. He showed that ethylene polymerized under 
pressure at temperatures at which it was essentially unaffected at 1 atm/ 0 
Thus, by heating ethylene at 1000 p.s.i. in a steel bomb to a temperature 
of 325°, the ethylene was converted essentially to a greenish gray liquid 
consisting of paraffinic, olefinic, and naphthenic hydrocarbons, but no 
aromatic hydrocarbons. In addition to this liquid product, small 
amounts of a solid material and gaseous products were isolated. Hun- 
stan, Hague, and Wheeler investigated the thermal polymerization of 
ethylene in both static and flow systems at pressures of 210 p.s.i. to 
2100 p.s.i. and temperatures from 350° to 000°. J hey found that with 
pressures of the order of GOO p.s.i. to 1500 p.s.i. and temperatures of 
380° to 500° ethylene was converted to liquid hydrurarbons in yields as 
high as 02%, provided the contact time was of the order of 3 hours. Of 
this 92%, as much as 80% of the liquid product distilled in the gasoline 
range, that is, below 200°. These gasoline products were found to be 
complex mixtures of hydrocarbons of the same type as described by 
Ipatieff and contained no aromatic components. The same investigators 
pointed out that the use of pressure in the thermal polymerization was 
advantageous for the following reasons: (1) as the pressure increased, 
the reaction temperature could be lowered, thereby helping to prevent 
the decomposition of initial products, for example, the dehydrogenation 
of butene to butadiene, etc.; (2) the contact time could usually be re¬ 
duced, which was also advantageous in preventing the decomposition 
of the polymers formed. They also found that flow systems were 
superior to autoclave operation since they did not hold the reaction 
product for a long time at high temperatures, which led to secondary 
products. The possibility of such side reactions must be taken into 
consideration in evaluating any of the early work on the thermal poly¬ 
merization of ethylene. 

The structural materials which were exposed in the autoclave used 
for the reaction system were found to produce a marked effect on the 
nature and speed of the reaction. Thus, mild steel tended to promote 
the decomposition of the hydrocarbons at high temperatures, especially 
when the contact time was long. If the reactor was enamel-lined, 
higher yields with less decomposition of the hydrocarbons were 
obtained. 

As one would anticipate, by increasing the pressure it is possible to 
increase the molecular weight of the liquid hydrocarbons resulting from 
the polymerization of ethylene and to produce hydrocarbons in the 
lubricating oil range instead of the gasoline range. Thus, Batchelder 
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and Kuentzel 7S found that ethylene, polymerized at 3000 p.s.i. and 
340-500° with a contact time of 5 to 100 minutes, gave principally a 
polymeric material boiling in the lubricating-oil range. 

When attempts were made to polymerize ethylene by thermal methods 
at pressures higher than 3000 p.s.i., other decompositions were likely to 
occur. Thus, Waterman and Tulleners M found that ethylene of 98.6% 
purity detonated at a temperature above 350° with a pressure of 2600 
p.s.i. to give methane, carbon, and hydrogen. Dunstan, Hague, and 
Wheeler 69 also reported that ethylene decomposed violently in contact 
with copper surfaces at 800 p.s.i. pressure when the temperature reached 
460°. However, with special alloy steels as reactor liners this violent 
decomposition reaction was not observed. Smolehski and Kowalewski 76 
stated that, when ethylene was heated too rapidly under pressure, 
violent decomposition occurred according to the equation 

C;II« —* Carbon,s» + CH 4 + 34.52 keal. 

Gu Gan 


Sullivan, Kutlmiff, and Kuentzel M also emphasized that ethylene poly¬ 
merizations can get out of control and deposit carbon. 

The mechanism of thermal polymerization of ethylene has been the 
subject of a great deal of work. 77 The outstanding effort in this field is 
that of Pease, who studied the kinetics of ethylene polymerization at 
45 p.s.i. to 150 p.s.i. and temperatures of 350° to 500° with contact times 
of 15 minutes to 8 hours. On the basis of these studies, Pease concluded 
that the polymerization of ethylene proceeded by the dimerization of 
ethylene to butene and the further polymerization of butene to secondary 
products. The work of Pease indicates that the gas-phase thermal poly¬ 
merization of ethylene is a second-order reaction, at least in the early 
stages, but is of low efficiency since only one out of every 2000 molecular 
collisions results in a stable dimer molecule. Krauze, Nemtzov, and 
Soskina 7 * carried out experiments to supplement the work of Pease in 
the temperature range of 315° to 380°. They also studied the effects 
of various surfaces, such as iron, nickel, chromium, zinc oxide, and 


14 Bute holder and Kuentzel. U. S. pat. 2.111.831. 

SiiioU'iu-ki ai.'l Kownlew.ki. Hull, inlrru. aca.1. Cla..c «-'■ • 

;,I 5 | c. A.. 29. 1068 <1935)1; Sinolen>ki. Prsrmyd Chrm.. 11. 14r. (1V.«) K • A - 2 * 

suggested mechanism* see: Kgloff and WiUon. hid. En K . (hem .. 27. ® 17 ; 

ICglofT. ref. I. pp. 247 IT.: IW. 7. Am. Chrm. Sor.. 53. «13 <I«I>S Taylor and Jones. 
ibid., 52. 1111 (1930); Kassel, ibid.. 53.2143 (19.11). 

Krauze. Nemtzov. and Soskina. Com,4. rrnd. arad. sr.. ( R.S.S.. *. 

[C. A.. 28. 5320 (1934)|. 
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activated carbon, for their catalytic- influence. Their kinetic studies 
indicated that in the presence of these solid surfaces the reaction may be 
considered as essentially bimolecular and that about one in 400 collisions 
results in a stable molecule. Kgloff and Schaad “ also studied the 
mechanism of thermal polymerization in both static and flow systems. 
They were not able to produce a satisfactory mechanism but did demon¬ 
strate the extremely complex nature of the reaction by analysis of the 
off-gas, which was shown to contain methane, ethane, propene, propane, 
isobutane, isobutylene, w-butane, butadiene, isopentane, and w-pentane. 
These analytical results illustrate the extreme complexity of the reaction 
and the great difficulty in determining the reaction mechanism. 

Catalytic Polymerization 

In the presence of active catalysts, ethylene can be polymerized at 
temperatures much lower than those necessary in thermal polymeri¬ 
zation. However, ethylene is relatively resistant to catalytic poly¬ 
merization, ami vigorous catalysts of the acidic, ionic, or complex¬ 
forming types are usually necessary to obtain reasonable reaction rates 
and yields, because of the rather drastic conditions employed, the 
reaction is usuullv not limited to simple polymerization but is often 
accompanied by side reactions such as alkylation, rearrangement, 
dehydrogenation, cyclization, and cracking. As a result, the ethylene 
“polymer" may consist of a complex mixture of straight-chain, brunched- 
chain, and cyclic hydrocarbons of varying degrees of unsaturation, 
although, as will be seen, certain catalysts give fairly "pure” polymeri¬ 
zation products. 

As in thermal polymerization, many of the studies in the field huve 
had as their goal the better utilization of the ethylene produced in 
petroleum cracking. Ethylene has received special attention in this 
respect since it ordinarily resists polymerization under the catalytic or 
thermal conditions which result in satisfactory conversions of the higher 
gaseous olefins available in refinery gases. 

The catalytic polymerization of ethylene, like thermal polymerization, 
leads predominantly, at pressures below 3000 p.s.i., to liquid products in 
the motor-fuel and lubricnting-oil ranges, although, with proper oper¬ 
ation, the average molecular weight of the product tends to be higher 
than that obtained in thermal polymerization, because of the lower 
temperatures used. Decreasing the catalyst concentration and in¬ 
creasing the pressure also raises the average molecular weight. A few 
examples will serve to illustrate in a general way the results obtained in 
this field. 
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Aluminum Chloride. Ethylene is readily polymerized under pressure 
in the presence of aluminum chloride in various forms. 7 * -8 * Aluminum 
chloride is such a drastic “catalyst,” however, that it is virtually im¬ 
possible to obtain a “pore polymerization” with it, and secondary re¬ 
actions such as isomerization, alkylation, and cracking may change 
nearly all the initially formed linear higher olefins into more complex 
hydrocarbons. 

In his early researches in the field of pressure reactions, Ipatieff, 
together with Routala, 7 * found ethylene to be polymerizable by “freshly 
prepared” aluminum chloride at 1000 p.s.i. and ordinary temperatures 
to a complex mixture of liquid paraffins and unsaturated hydrocarbons 
boiling below 200°, and naphthenes boiling above this temperature. 
When the polymerization was carried out at 200°, complete decom¬ 
position to a carbonaceous residue occurred and no liquid products were 
formed. 

Stanley 80 studied the polymerization of ethylene in the presence of 
anhydrous aluminum chloride at 750 p.s.i. initial pressure and at temper¬ 
atures up to 180°, both with and without diluents. Me obtained u two- 
phase product, a typical occurrence with catalysts of this type, con¬ 
sisting of a “free oil” and a “combined oil,” the latter being treated with 
water to liberate the hydrocarbons held in the form of aluminum chloride 
complexes. It was found that the amount of combined oil was dependent 
upon the amount of catalyst used, whereas the amount of free oil was 
not thus limited and increased with increasing reaction time, increasing 
with the amount of ethylene added to the system. When the reaction 
was run at ordinary temperatures, the free oil consisted of liquid hy¬ 
drocarbons which were essentially saturated and were described as 
paraffins and evcloparaflins having 10 to 45 carbon atoms per molecule. 
When the reaction was conducted at higher temperatures, the average 
molecular weight of the free oil fell, and “hydrogen-poorer" compounds. 


1748 (1913); J. Hus,. Phut. Chcm. So*.. 45, 995 (1913) 


19 Ipatieff and Routala. Her., 46. 

[l MStanley,' V'sle. Chrm. Ind. (ton,Ion). 49. 349T (1930); m>c. al*>. Nash. Stanley, and 
Bowen. Petroleum Tunes. 24. 799 (1930,; Nash. Stanley, and Bowen. J. Inst. Petroleum 
Technot.. 16. 830 (1930,. 

•i ipnticfT and Grosze. J. Am. Chcm. S oc., 58. 915 (1936). 

« Waterman and Tulleners. Chimie A inductrie. 29. Special Number. 49f. (June. I.J- 
I C. A.. 27, 5715 (1933,J. 

» Atkinson and Store!,. Ind. Eng. Chcm.. 26. 1120 (1934,. 
m Sullivan. Voorliees. Neeley, and Shankland. »Uid.. 23. 004 (1*31). 

* Ricard. It. S. pat. 1.745.028. 

•>* Howes. U. S. pat. 1.877.004. 

■* KutlirulT and Kuentacl. L\ S. I»at. 2.0v\.,20 ^ 

•« Haag. Hofmann, and Zorn. U. S. !«»«. ..16., 

»» Reid. U. S. pat. 2.377.2GC. 
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such as polynuclear naphthenes, began to appear in this part of the 
product. The combined oil produced at ordinary temperatures was 
found, after liberation from the aluminum chloride complex, to be much 
more unsaturated than the free oil and to consist of olefins and cyc lo¬ 
olefins. The combined oil also became hydrogen-poorer as the tempera¬ 
ture was increased, and above 100° became very carbonaceous and 
tarlike. The polymerization, as would l>c expected, was found to occur 
much more readily at higher temperatures, but the catalyst life was 
shortened. At very high temperatures saturated hydrocarbon gases 
appeared, indicating the onset of cracking. 

Stanley has likened the polymerization of ethylene to the Friedel- 
Crafts reaction and suggested that, in the initial phases, the reaction 
may consist of the addition of hydrogen chloride to ethylene, catalyzed 
by the aluminum chloride *° to give ethyl chloride 

CHr=CH, + HCI CH.CH-CI 

followed by the alkylation of a second molecule of ethylene by the ethyl 
chloride. 

CH.CHjCl + CHi—CH, CH.CH.CH—CH, + HCI 

Repeated additions and alkylations of this type are assumed to account 
for the production of higher olefins. 

In order to account for the other products of the reaction, Stanley 
suggested that the olefins produced initially were isomorized to the 
corresponding cycloparaffins and that under the influence of the catalyst 
some of these molecules cracked to straighUcliain paraffins and un¬ 
saturated cyclic products. Stanley stated that, while isomerization and 
cracking certainly occurred at higher temperatures, they also occurred 
at temperatures as low as 10-20° to give the complex mixtures obtained 
in “polymerizations” of this type. 

There can be little doubt of the importance of hydrogen chloride in 
polymerization with anhydrous aluminum chloride. Ipatieff and Grosse 81 
found that ethylene is not polymerized by pure anhydrous aluminum 
chloride even at pressures up to 750 p.s.i. and temperatures up to 50°, 
but with anhydrous aluminum chloride of ordinary purity (hydrogen 
chloride present) or with added hydrogen chloride or moisture, polymeri¬ 
zation occurred readily. They agreed with Stanley in regard to the 
mechanism of the reaction, i.e., that hydrogen chloride is first added to 
ethylene to produce ethyl chloride, which in turn ethylates a mole of 
ethylene to give butene, etc. With regard to the fate of the initially 

,0 Berl and Bitter, Ber.. 67, 95 (1924). 
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formed olefins, they state, “the monoolcfins are transformed by cyclic or 
intramolecular alkylation into naphthenes, which either as such or at 
the moment of their formation are converted by means of a reaction of 
hydrogenation-dehydrogenation or hydrogen disproportionation into a 
mixture of paraffins and unsaturated naphthenes. The latter combine 
with aluminum chloride forming the lower layer.” 

Ipatieff and Grosse emphasize that aluminum chloride, in contrast to 
boron trifluoride, is not a “true catalyst” since only about 10 molecules 
of ethylene are converted by 1 mole of aluminum chloride. The products 
they obtained were similar to those reported by Stanley; i.e., they 
consisted of two layers. The upper layer was water white and principally 
paraffinic, and the lower layer was a “dark reddish-brown, viscous 
mixture of the aluminum chloride complexes of unsaturated cyclic 
hydrocarbons.” These investigators point out that true conclusions 
cannot be drawn regarding the course of an ethylene polymerization if 
the reaction is run in the presence of low-boiling hydrocarbon diluents, 
which has often been done,* 1 since it has been shown that such 
“diluents” may be alkylated under the reaction conditions and con¬ 
tribute in various ways to the composition of the final product. 

Boron Trifluoride. In the presence of boron trifluoride catalysts, com¬ 
pressed ethylene was polymerized at ordinary temperatures to higher 
olefins ranging from butene to liquid hydrocarbons in the lubricating-oil 
range.* 4 ’* 9 Thus, Hofman and Otto 94 found that ethylene containing 
10% gaseous boron trifluoride was completely converted to an oil 
resembling petroleum within 4 hours at 1000 p.s.i. pressure. The 
presence of metallic nickel greatly accelerated the reaction. Otto 95 
stated that the polymers so obtained had the average empirical formula 
C n H 2n » i.e., were higher olefins, and had viscosity indices comparable to 
those of high-grade American lubricating oils. This is in marked 
contrast to the polymers obtained with aluminum chloride.* 4 Ipatieff 
and Grosse also found ethylene to be polymerized by boron trifluoride 
in the presence of metallic nickel to higher olefins, and they emphasized 
that the action of this catalyst was very different from that of aluminum 

•' Sec. for exomplc. the work of Waterman and Tullcncrs. Chimit A Industrie. 29, Special 
Number, 49G (June. 1933). who used pentane as a reaction medium. 

n Ipatieff. Grosse. Pines, and Komarewsky. J. Am. CKem. Soc., 58, 913 (1938). 

« Ipatieff and Grosse. ibid.. 67. 1016 (1935). 

84 Hofmann and Otto. U. S. pat. 1.811.130. 

84 Otto, Brennstoff-CKem.. 8. 321 (1927). 

88 Hofmann. Otto, and SteRcmann. U. S. pat. 1.885.060. 

8 * Otto and Bub. U. S. pat. 1.989.425. 

88 Ipatieff and Grosse. J. Am. CKem. Soe.. 67, 161. (1935). 

88 Linn and Ipatieff. U. S. pat. 2.416.106. 
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chloride, which, as has been noted, gave rise to paraffins, olefins, and 
naphthenes. 

If the contact time and catalyst concentration were reduced, com¬ 
pressed ethylene was converted to butene in good yields.* 7 This, to¬ 
gether with the results obtained with higher catalyst concentrations and 
longer contact times, indicates that the course of a polymerization 
catalyzed by boron trifluoride is much simpler than one catalyzed by 
aluminum chloride and that boron trifluoride is more nearly a “true 
catalyst” than aluminum chloride. 

Phosphoric Acid. Phosphoric acid in various forms has been shown 
to be a good catalyst for the high-pressure polymerization of ethyl¬ 
ene,and its action is illustrative of still another type of acidic 
catalyst. Ipatieff and Pines found that, at 750-975 p.s.i. pressure and 
250-300°, ethylene was polymerized by 90% phosphoric acid to a mixture 
of paraffinic, olefinic, naphthenic, and aromatic hydrocarbons which 
distilled chiefly in the motor-fuel and oil range. They suggested that 
the reaction mechanism involved is the initial formation of ethyl phos¬ 
phates which decompose at the reaction temperature employed to yield 
ethylene polymers and naphthenes. The naphthenes, in turn, de¬ 
hydrogenate to yield aromatics, and the hydrogen so produced is taken 
up by olefins to yield paraffins. In addition, alkylation of the aromatics 
.by ethylene and other olefins, partial dehydrogenation of the naphthenes 
to yield polycyclic naphthenes, and isomerization of the olefins present 
may also take place. 

Oxygen. Oxygen is a catalyst that deserves special mention because, 
when it is present in even very small amounts, it can alter the course of a 
low-pressure ethylene polymerization reaction significantly. ,M " ,0# Be¬ 
cause of its importance, as will be shown, in the polymerization of 
ethylene at high pressures, its possible effect must always be taken into 
consideration unless the system is proved to be oxygen-free. 

Lcnher 104 was the first to observe the catalytic effects of oxygen in 
ethylene at high temperature and at 1 atm. He suggested that peroxides 
are formed which decompose thermally to give free radicals capable of 
initiating polymerization. Although the exact mechanism of peroxide 
formation and rupture is still an unsolved problem, it can be stated 

1,0 Ipatieff and Pines. Ind. Eng. CKcm., 27. 1364 (1935). 

101 Ipatieff, U. S. pat. 2,018,066. 

Ipatieff and Komorewsky. U. S. pot. 2,051.859. 

IM Ipatieff and Corson, U. S. pat. 2.116.151. 

m Lcnher, J. Am. CKcm. Soc.. 63. 3752 (1931); Lenher, U. S. pat. 2.000.904 

'“Storch. J. Am. CKcm. Soc., 66. 374 (1934). 

164 Burk, Baldwin, and Whitacrc. Ind. Eng. CKcm.. 29, 326 (1937). 
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definitely that the introduction of limited amounts of oxygen into 
ethylene at elevated temperatures gives results very similar to those 
obtained when other free-radical-producing materials are added. 
Storch 105 in a further study found that 0.02% oxygen was quite sufficient 
to give appreciable effects. 

Wiezevich and Whiteley 107 polymerized ethylene containing much 
larger amounts of oxygen (10% air by volume) at approximately 900 
p.s.i. pressure and 310° and obtained yields of 10.9 gal. of oil per 1000 
cu. ft. of ethylene charged. This liquid hydrocarbon product distilled 
principally in the motor-fuel range. 

Atwell 108 used oxygen (1% concentration) to convert the ethylene 
contained in ethylene-rich refinery gases to higher olefins which arc 
useful for further polymerization by operation at 100 p.s.i. and at 
temperatures in the range of 400° to 650°. 

Other Catalysts. A partial list of other materials which have been 
studied as catalysts in the polymerization of ethylene under pressures 
below 3000 p.s.i. includes aluminum; 78 copper; sodium; 110 
zinc chloride; basic zinc chromite; 1,4 chromites of zinc, copper, 

and calcium; m oxides of silicon, aluminum, and zirconium with zinc 
and/or zinc oxide ; 116 nickel oxide; 1,7 cobalt oxide;" 7 “reduced co¬ 
balt”; "• “reduced nickel”; "• boron trifluoride plus potassium hydrogen 
fluoride; 1,0 tetraethyllead and other lead alkyls; 170 sodium chloroalumi- 
nate; 1,1 silica gel, alumina and nickel or cobalt; 173 and hydrogen 
fluoride. 174 


iot WicMvich and Whiteley. U. S. pat. 1.981.819. 

'« Atwell. U. S. pot. 2.145.570. 

>«» Lewis, I'rolich. and Asbury. U. S. pat. 1,843,880. 

»'• Walker. J. Phut. Chem.. 31. 961 (1927). 

m Sabatier and Reid. -Catalysis in Organic Chemistry." D. Van Nostrand Co.. Now 


York (1922). p. 211. 

»* Ipatieff and Routala. Der.. 46 . 1.48 (1913). _ 4 . . 

ill Stanley. J . Soc. Chem. Ind. {London). 49 . 349T (1930); sec. also. Nash. Stanley, and 
Bowen. Petroleum Times. 24 . 799 (1930); Nash. Stanley, and Bowen. J. Inst. Petroleum 

7> | C |« Morgan. Ingleson. and Taylor. Petroleum Timet. 24 . 1024 (1930). 
u» Clark and Shutt. U. S. pat. 2.385.609. 

»• Ipatieff and Haensel. U. S. pat. 2,389.780. 

Bailey and Reid. U. S. pat. 2.381.198. 

«• Anderson. Peterson, and McAllister. U. S. pat. 2.380.358. 

»* Linn and Ipatieff. U. S. pat. 2.416.106. 

'*• Cramer. U. S. pat. 2.117.022. 

m Ruthruff and Kuentscl. U. S. pat. 2.0S2.520. 

izz Morrell U. S. pats. 2.039.440 and 2.039.441. 

ta Hetzel and Kennedy. U. S. pats. 2.452.190 and 2.461.820. 

m Cornell. U. S. pat. 2.462.360. 
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THERMAL AND CATALYTIC INTERPOLYMERIZATION OF ETHYLENE 

BELOW 7600 P.S.I. 

In the thermal and catalytic conversion of hydrocarbon gases to 
liquid fuels and lubricants, operations of great economic importance to 
the petroleum industry, there are many instances in which ethylene, in 
admixture with the higher gaseous olefins and other hydrocarbons, is 
subjected to conditions under which interpolymerizution can conceivably 
occur. 126 Although it has been pointed out that ethylene is the most 
difficult of the lower olefins to polymerize and often resists conversion in 
mixtures under the conditions of pressure, temperature, and time which 
suffice to convert the higher members of the series, there are many 
instances in which ethylene undoubtedly enters into the reaction to 
some degree. 

It is difficult to make a statement about the ability of ethylene to 
interpolymerize (in the sense that the term is applied to vinyl monomers) 
under these conditions because several types of reactions may occur 
simultaneously and the product is usually very complex in nature. 
For example, it is possible that ethylene can appear as part of the final 
product through alkylation reactions, Diels-Alder type addition, ,2# or 
straight polymerization without actually entering into a true inter- 
polymerization reaction with the other olefins present. Future work 
with tagged molecules will doubtless shed more light on this question. 
Following are some examples selected from the vast literature in this 
field. 

Dunstan, Hague, and Wheeler, in their study of the thermal treatment 
of gaseous hydrocarbons, 127 found that a mixture consisting of 58% 
ethylene and 42% propene gave an 87% conversion to liquid products at 
390-400° and 1000 p.s.i. pressure. Sullivan, Ruthruff, and Kucntzel 128 
reported that a mixture of ethylene and propene gave an 80% conversion 
to liquid products in the gasoline range at 454° and 1950 p.s.i. Wag¬ 
ner 128 converted a mixture of olefins, including ethylene, propene, and 
butenes, to gasoline by treatment at 340-150° and 800 p.s.i. In a patent 
issued to Wiezevich and Whiteley 1,0 a process is described wherein ethyl¬ 
ene, together with other olefins, was converted to liquid hydrocarbons 
by treatment at 310° and 870 p.s.i. in the presence of 0.03-0.2 volume of 
oxygen, the product containing 15-20% oxygenated compounds. Clark 

“ ?*?• for , cxam P le - hundreds of patents in U. S. pat. clasus 200 GS3.1 and 683.15. 

Schneider and Frolich. Ind. Eng. Chem., 23. 1405 (1931). 

W Dunstan, Hague, and Wheeler, ibid., 26, 307 (1934). 

m Sullivan, Ruthruff, and Kuentzel. ibid.. 27, 1072 (1935). 

“* Wagner. U. S. pat. 2.088.823. 

U# Wiezevich and Whiteley. U. S. pat. 1.981.819. 
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and Shutt 131 stated that ethylene can be made to polymerize simul¬ 
taneously with propene or propene-butene mixtures by treatment at 
200-600° and 200-1500 p.s.i. pressure in the presence of a zinc chromite 
catalyst to give liquid polymers. Anderson, Peterson, and McAllister 132 
have found that ethylene can be interpolymerized with propene or with 
butene at temperatures of 35-150° and pressures of 300-900 p.s.i. in the 
presence of reduced cobalt deposited on activated carbon, to give liquid 
interpolymers. 


POLYMERIZATION OF ETHYLENE AT PRESSURES ABOVE 7500 P.S.I. 

The polymerization of ethylene at high pressures (7500-45,000 p.s.i.) 
differs from the low-pressure thermal polymerization processes pre¬ 
viously described in that temperatures in the range of 60° to 300° suf¬ 
fice to induce polymerization, and it differs from low-pressure catalytic 
polymerization in that catalysts of the free-radical-producing type rather 
than of the ionic, acidic, or complex-forming type are used. The poly¬ 
mers produced at high pressures are, in general, much simpler chemi¬ 
cally than those produced at low pressures, either by thermal or cata¬ 
lytic polymerization. The polymerization reaction in this pressure range 
can be fairly accurately represented simply by the equation 

„CHr=CH, -♦ (—CHj—CH,—)„ 


A//„° - -25.9 kcal./CH,=CH, unit •“ 

Because of the lower temperature and milder catalysts used, side reac¬ 
tions such as alkylation, dehydrogenation, cyclization, isomerization, 
and cracking are not of major importance. The solid products produced 
at high pressures are, therefore, quite different from the complex, poly¬ 
nuclear, solid materials sometimes produced in thermal or catalytic 
polymerization at high temperature and lower pressure. The higher 
polymers are tough and, upon orientation by cold drawing, show a dis¬ 
tinct crystalline structure by x-ray diffraction (due to the recurring 
—CH 2 CH 2 — unit) which distinguishes this class clearly from the liquid 
polymers of ethylene previously discussed.'" 


Clark and Shutt. U. S. pat. 2.385.609. 

m Anderson. Peterson, and McAllister. U. S. pat. 2.380.358. Phunea 9 

,» Iessuo J Chtm Ph U s.. 16. 661 0948) 300 Micheb ond Gclderraans. . 

967 (l942);'MieheI S . Botzcn. and de Groot. 13. 343 (1947,; a «* 

mans. Applud Sci. Research. Al. 55 (1947,. for thermodynam.e propert.es of ethylene 

properties of solid ^ ethy.enes ™ 

Fletcher. InJ. En C . CW. 37. 526 (.945,: B.ker ’Jjf’^M.ibaucr 

/ Polymer Set.. 2. 547 (1947,; R.chards. J. Inst. Petroleum. 34. U*" 

tSZZ. Tran. EU^cUm. Sac.. 90. 34. (.946,. 
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The discovery that ethylene can be polymerized to solid high poly¬ 
mers having plastic properties was made in the laboratories of the Im¬ 
perial Chemical Industries, Ltd., in England, where, in 1930, a broad 
program on the effect of extreme pressure on various compounds and 
reactions was instituted. 135 This program was made possible by the 
availability of newly developed high-pressure equipment; much of the 
credit for this equipment is due Michels of the University of Amsterdam. 
In 1933 a trace of white solid was found in a reaction vessel which was 
being used for the study of some of the reactions of ethylene under high 
pressure. Investigation showed that this solid was a linear high poly¬ 
mer. A considerable amount of effort was expended before methods 
were found for producing this polymer consistently and in good yields. 
This work was greatly hindered by the tendency of ethylene to decom¬ 
pose with explosive violence to methane and carbon when it was heated 
under high pressure. It was finally found, however, that this detona¬ 
tion was related to the oxygen content of the ethylene and, if the oxygen 
content were reduced to a small but definite amount, high polymers 
could be obtained in reasonable yields in place of carbon and methane. 
This finding is covered in patents issued to Fawcett, Gibson, Paton, 
Perrin, and Williams. 1 ** 1,1 

In the early English work, 13 *' 137 ethylene, either deoxygenated or con¬ 
taining limited amounts of oxygen (0.05-0.08%, 500-800 p.p.m.), was 
polymerized by heating at 170-230° and 22,000-30,000 p.s.i. pressure 
without diluents, solvents, or dispersing agents. When deoxygenated 
ethylene was used, the polymerization was slow, but fairly good yields 
of high polymer (50%) were obtained. When oxygen was added to the 
ethylene, the reaction was much more rapid, a “kick” being observed 
on the pressure gauge at 200-210°, but the conversions were lower (15%). 
It was found that the added oxygen combined with the polymerizing 
ethylene. After the oxygen was consumed in the original “kick” reac¬ 
tion, additional polymer was formed at a low rate if the temperature 
and pressure were maintained, as in experiments in which no oxygen was 
added. These observations suggested, of course, that high conversions 
might be obtained in reasonably short time if oxygen were added in small 
quantities continuously throughout the reaction period. Fawcett et ai xu 
indicated that this could form the basis for a continuous process. 

Fawcett el al. made several general observations on the high-pressure 
polymerization of ethylene and the nature of the products obtained, 

m Sco, for example, Fawcett and Gibson. J. Chem. Soc.. 380 (1934). who doscribo the 
effect of high pressure on various reactions studied as part of this program 

'••Fawcett Gibson, and Perrin. U. S. pat. 2.153.553; Fawcett. Gibson. Perrin. Paton. 
Wilhams. and Imperial Chomical Industries. Brit. pat. 471.690 [C. A., 32. 1362 <1938)1 

u7 Pemn. Paton. and Williams, U. S. pat. 2.188.465. 
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which were substantiated by later work. In addition to recognizing the 
catalytic effect of oxygen and the necessity of controlling the amount 
present, they observed that the amount of polymer produced increased 
with increasing concentration of oxygen within the tolerable limits and 
that the molecular weight of the polymer decreased, which is generally 
the case with catalysts in polymerization. They found that the average 
molecular weight increased with increasing pressure and decreased with 
increasing temperature, as would be expected, and indicated that at least 
7500 p.s.i. pressure is necessary to produce high polymers. They recog¬ 
nized the highly exothermic nature of the oxygen-catalyzed polymeriza¬ 
tion and the necessity for rapid heat removal to avoid explosive decom¬ 
position. These workers also commented on the chemical inertness, 
solubility characteristics (soluble only in hot aromatic hydrocarbons and 
chlorinated solvents), and physical properties of the product (melting 
point ca. 120°, crystallinity as shown by x-ray diffraction, etc.). 

The work of Lcnher and Storch at lower pressures (p. 1021) suggests 
that oxygen is an initiator for the polymerization of ethylene because it 
reacts with ethylene to give an unstable peroxide which can decompose 
to give free radicals. Whatever the exact mechanism of the formation 
and decomposition of this peroxide, the oxygen-catalyzed high-pressure 
polymerization has all the characteristics of a free-radical-initiated chain 
reaction. This polymerization can thus be represented by the following 
equations. 

R. + CH*=CH 2 -* RCHjCHj* 

From decomposition 
of ethylene |ieroiide 

RCHjCHf + CHr=CHj — RCH,CH,CH,CH r etc. 

The chain reaction can be terminated by chain transfer 

R(CH 2 CH 2 ) n - + R'H -* R(CHjCHj)„R / + H- 
R(CH 2 CH 2 ) n - + R'H — R(CIIjCH})„H + R'- 

by reaction with another free radical 

R(CH 2 CH 2 ) n - + It'- -* R(CH 2 CH 2 )„R' 
or by loss of hydrogen (at high temperatures) 

R(CHjCH»)i,_iCH,CHj- - R<CH ! CH 1 )„_,CH=CH s + H- 

One of the disadvantages of the early processes for polymerizing ethyl¬ 
ene at high pressures was the difficulty of keeping the reaction under 
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control; “hot spots” frequently developed in the compressed gas, lead¬ 
ing to detonation. Much letter control was obtained if a liquid was 
present in the reactor and if the system was agitated.'**-' 41 Not all 
liquids, however, are equally suitable for the purpose. Since the poly¬ 
merization proceeds by a free-radical mechanism, only those liquids that 
do not react readily with free radicals are suitable reaction media. If 
this precaution is not taken, the polymer chain growth is terminated by 
reaction with the liquid medium, resulting in the formation of polymers 
of low molecular weight or even “telomers” (p. 1043). Water is probably 
the best liquid reaction medium from the standpoint of general perform¬ 
ance and economy. 119 Organic liquids can be used, and in certain in¬ 
stances are advantageous, provided that they do not carry unhindered, 
aliphatic secondary or tertiary hydrogen. Examples of organic liquids 
that fulfill this requirement include: benzene, toluene, chlorobenzene, 
2,2,4-trimcthylpentane, methyl terl -butyl ether, /erf-butyl alcohol, 
pentamethylethane, methyl pivalate, and pivaloin.' 4 *"' 46 The product 
when the polymerization is carried out in the presence of reactive mate¬ 
rials is discussed in the section on tclomerizntion (p. 1043). 

When the polymerization is run in water, dispersing agents are not 
necessary and may, because of their reactivity with the free radicals, 
have a deleterious effect on the yield and molecular weight of the poly¬ 
mer produced. This further illustrates the desirability of operating in 
a non-reactive medium, an example of which is found in the work of 
Brubaker.' 19 In a polymerization conducted in the presence of water at 
75° and 12,500-14,500 p.s.i. for 10.75 hours with benzoyl peroxide as 
the catalyst, a polyethylene having an intrinsic viscosity of 1.91 was 
produced. When the experiment was repeated with the addition of a 
small amount of sulfonated white oil as a dispersing agent, the intrinsic 
viscosity of the product fell to 1.78. This stands in marked contrast to 
the customary procedure with many low-energy systems such as buta¬ 
diene-styrene, where dispersing agents and even very reactive com¬ 
pounds, such as mercaptans, are not only tolerated but may even be 
beneficial. 

“* Hanford. U. S. pat. 2,395.327. 

in Brubaker. U. S. pat. 2.396.677. 

“* Hanford. U. S. pat. 2,396,785. 

,u Larson, U. S. pat. 2.396.920. 

,a Brooks, Potcrson, and Weber, U. S. pat. 2.3S8.225. 

IU Hanford and Salzbcrg. U. S. pat. 2,436,256. 

144 Sargont and Hanford, U. S. pat. 2.4G7.234. 

Itt E. I. du Pont do Nemours & Co.. Brit. pat. 5S5.969 (C. A., 43 , 2982 (1948)). 

E. I. du Pont de Nemours & Co.. Brit. pat. 579.883 (C. A., 41, 2607 (1947)]. 
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Further evidence of the importance of a “clean” system in ethylene 
polymerization resides in the fact that small amounts of reactive im¬ 
purities, such as carbon monoxide, formaldehyde, certain ketones, esters, 
acids, acetylene, and hydrogen, will deleteriously affect the molecular 
weight, and their removal is advantageous if a high polymer is de- 
sired. 147-149 As will be seen in the sections on interpolymerization and 
telomerization, very interesting products can be made if larger amounts 
of such materials are purposely added to the system and allowed to react 
with the growing polyethylene chain. Care should also be taken to 
avoid contamination of the compressed ethylene with lubricants, greases, 
etc., from compressors. 1 * 0 

Several free-radical-producing substances other than oxygen will in¬ 
itiate the high-pressure polymerization of ethylene, and, by choosing 
compounds which dissociate to free radicals at various temperatures, it 
is possible to operate over a broader range of temperatures than those 
used in the early English work (170-230°). In fact, starting at about 
(>0° as the lower limit, 141 ethylene can be polymerized in the presence of 
suitable catalysts, and at pressures greater than 7500 p.s.i., at any tem¬ 
perature up to about 350°, above which serious consideration must be 
given to the changes in strength of the alloy steels used in the construc¬ 
tion of the reactor. Brubaker,'” for example, showed that benzoyl per¬ 
oxide was effective in an aqueous system at 75°, a normal temperature 
for this catalyst, and it should be noted that under these conditions the 
polymerization of ethylene has some resemblance to other vinyl poly¬ 
merization processes. When an initiator such as benzoyl peroxide was 
used, precautions were usually taken to exclude molecular oxygen from 
the system (use of deoxygenated water, and adequate purging of the 
reactor with oxygen-free nitrogen) since it is not necessary and may be 
deleterious. 141 - 162 Operation at a lower temperature with a catalyst such 
as benzoyl peroxide provides an opportunity for the formation of poly¬ 
mers of higher molecular weight in an aqueous system; it often provides 
better reaction conditions for the formation of interpolymers, for ex¬ 
ample, less hydrolysis of vinyl esters, and makes the reaction easier to 

control. 


.«» Forsyth and Imperial Chemical Industries. Brit. pats. 579.666; 579.676; and 579.9.38 

"IsSsSast K S SB!?: t S S S3 
"•!' *.rr;rrrrr?:“ ssfc. *...«. ~ 
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Other free radical-producing substances which have been suggested 
for or used in ethylene polymerization include the following. 


Acetyl peroxide 
Butyryl peroxide ,D 
Lauroyl peroxide ,M 
Hydrogen peroxide “• 

Acetyl benzoyl peroxide 
Succinyl peroxide 144 
Peracetic acid ,B 
m-Bromobenzoy! peroxide ,KI " 

Zinc peroxide»« 

Monoalkyl hydroperoxides, such as trrt- 
butyl hydroperoxide ,M 
Persuccinic acid 19 
Diethyl peroxide 
Perchlorates m 
Di-fer/-butyl peroxide ,4 * 

Urea peroxide ,B 

Dialkyl peroxy dicarbonates ,t4 - ,4, 
Tetralin peroxide *» 

Diacctone peroxide IU 
Diethyl ether plus oxygen ,n 
Ascaridol ,T * 

Cyclohexanone peroxide IT » 

Alkali metal persulfates ,B, “ 

Alkaline earth metal persulfates IU 
Ammonium persulfate 


Percarbonatcs ,D 
Perborates *** 

Iodoso diacylates 144 

Lithium alkyls such as n-butyllithium 
and with saturated aliphatic or aro¬ 
matic hydrocarbons ,U,M 
Nitric acid »« 

Chloroamine T 147 
Manganese dioxi«le UT 
A mine oxides *»•»» 

Tetraphenyltin «* T 
Tetraplienyllead »••»» 

Tetraethyllead •»»» 

Hexachloroct hane 11X111 
Potassium chlorate plus manganese di¬ 
oxide 

Hydrazine derivatives 
Azo compounds IM 
Diazo compounds |M 

Azines of the type --N—N**C^ ,,# 

Oximes 144 

Metals in Group II in liquid ammonia ,u 
Grignard-type compounds 144 


,u Hanford, Roland, and Young. U. S. pat. 2.377.779. 

144 Imperial Chemical Industries, Brit. pat. 509,527 [C. A.. 41. 0078 (I947)|. 

144 E. I. du Pont do Nemours & Co.. Brit. pat. 579.881 |C. A., 41, 2007 (1947)1. 

M Hanford. U. S. pat. 2,395.327. 

UT Roodel, U. S. pat. 2.409.990; E. I. du Pont de Nomours A Co., Brit. pat. 591,335 
(C. A., 42 . 794 (1948)|. 

u » Kooijman and Ghijsen. Rce. Irav. chim.. 06. 247, 073 (1947). 

Peterson. U. S. pats. 2.391.920 and 2.425.038. 

,M Roodel. U. S. pat. 2,439,528. 

Roodel. U. S. pat. 2,462,078. 
m Sargent. U. S. pat. 2,462,680. 

Whitman and Scott. U. S. pat. 2.467,245. 

144 Roedcl, U. S. pat. 2,475.520; Imperial Chemical Industries. Brit. pat. 592.335 |C. A., 
42 , 1083 (1948)|. 

,u McSwceney. U. S. pat. 2.475.628. 

144 See bold, U. S. pat. 2,475,643. 

141 Stoner and Savage. U. S. pat. 2.475.648. 

144 Richards. U. S. pat. 2.467,231. 

141 Hanford. U. S. pat. 2,405,950. 

110 Dorough, U. S. pat. 2,398.926. 

,n Forsyth and Imperial Chemical Industries. Brit. pat. 583.178 (C. A.. 41, 2937 (1947)1. 
m Hanford and Roland. U. S. pat. 2.402.137. 
m Scott. U. S. pat. 2,407,181. 
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The use of initiators in the preceding list allows greater control to be 
exercised over the properties of the polymer produced than is possible 
if operation is restricted to use of oxygen alone. Thus, by choosing 
catalysts which arc active at various temperatures, it is possible to exer¬ 
cise control over the molecular weight of the product, and under certain 
circumstances the best results in interpolymerization and telomerization 
may be achieved only at temperatures at which oxygen is not particu¬ 
larly effective. For example, benzoyl peroxide 139 serves well at 00-120°, 
diethyl peroxide 161 at 130-175°, the amine oxides 170 at 150-200°, hexa- 
chloroethane 175 at 200-250°, and the hydrazine compounds 169 at 250- 
300°. In some cases it may be desirable to conduct the polymerization 
in the absence of molecular oxygen since oxygen does combine with the 
polymer, altering its solubility, extrudability, and other properties; 
under these conditions an initiator such as tetraethyllead, diacetyl 
peroxide, or chloroamine T (in a non-aqueous system ,47 ) may be 
used. 

Under certain circumstances where specific results are desired, various 
materials may be added to the basic system of initiator, water, and com¬ 
pressed ethylene. For example, the induction period before active poly¬ 
merization can be reduced by the addition of small amounts of acid to 
lower the pH. 174 The yield and molecular weight can be improved under 
certain circumstances' by the addition of a bisulfite or similar com¬ 
pounds. These can conceivably make more favorable the polymeriza¬ 
tion environment by reacting with traces of substances such as alde¬ 
hydes and oxygen.' 74 The physical properties of the polymer can be 
improved by adding benzene to the aqueous polymerization medium. 

Considerable effort has been expended in developing continuous proc¬ 
esses suitable for large-scale production of polyethylene. ,4i,4# -‘ 77J7,> - m,ss ‘ ,s 
In a typical process 174 ethylene at 15,000 p.s.i. containing 80 p.p.m. of 
oxygen was mixed with 6 parts of water and 0.35 part of benzene and 


i: 2,39..218: Bacon, Rich.*, and tap*- Chondca. 

,ndu„ri«. Bril, pal- S83.1C6IC. d. 41. 2937 ,1947)). 
i»* Larson anil Krasc. U. S. pat. 2.405.96-. 
itt Peterson. U. S. pat. 2.388.178. 
it* Krasc. U. S. pat. 2.388.160. 

2.3^7,,. 

: Son. u: 4008 <1B47,, • 

z u s c p». 2..83 S-.■*.. 32.0305 ,.938,,. 

... HopfT and Korn. ibid.. 23. 153 (June. 1946). 
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passed through a tubular reactor maintained at 160-225°. At the exit 
end of the converter the solid polymer was separated from the uncon¬ 
verted ethylene, water, and benzene, which were recycled. The water 
and benzene provide a favorable environment for the polymerization 
because of good heat absorption and little reaction with the growing 
polymer chain. The benzene helps prevent the build-up of solid poly¬ 
mer in the reactor through its solvent action at the operating tempera¬ 
ture. 

The solid polymers of ethylene are soluble in highly compressed gas¬ 
eous ethylene, the lower members of the series being more soluble than 
the higher homologs. This provides the basis for an unusual form of 
selective solvent extraction by which polyethylenes can be fractionated 
either as the last step in the polymerization 178 or as a separate opera¬ 
tion. ,M This fractionation can be performed either at constant pressure 
with fractional precipitation by successively lowering the temperature, 
or by lowering both the pressure and the temperature. 178 Thus, when 
8.7 parts of polyethylene having an average molecular weight of 17,100 
were dissolved in 100 parts of ethylene at 1950 p.s.i. and 220°, and 04 
parts of the solution were then allowed to pass into a second vessel 
maintained at 1100 p.s.i. and 25°, the polymer remaining in the first 
vessel (7.2 parts) was found to have an average molecular weight of 
18,000, and the polymer from the gaseous extract (1.5 parts) had an 
average molecular weight of 13,000. lM 

Solid polyethylenes, under the name polythenes, reached commercial 
production in England in 1938. In the period immediately preceding 
and during World War II much research was carried out both in Eng¬ 
land and in the United States on these and related high-pressure prod¬ 
ucts. During the second world war polyethylenes were manufactured 
in quantity by Imperial Chemical Industries in England, and by Car¬ 
bide & Carbon Chemicals Corporation and E. I. du Pont dc Nemours 
& Company in the United States. These polymers proved to be ex¬ 
tremely useful in radar and in other electronic applications. After the 
initial English disclosure there was also activity in this field in Ger¬ 
many l86 - ,s7 and in Russia. 188 

Depending upon the other reaction conditions, the polyethylenes pre¬ 
pared at pressures above 7500 p.s.i. range from semi-solid grease-like 
materials to tough, solid, flexible, translucent or transparent plastic 
materials softening above 100°, which can be molded, extruded, spun, 
rolled, or solvent-cast. Because of their outstanding electrical prop¬ 
erties, resistance to water, organic solvents, and chemical attack, excel¬ 
lent physical properties, and ease of fabrication, the polyethylenes of high 

188 Dintacs and Postnov, Russ. pat. 59.030 [C. A., S9, 1086 (1945)1. 
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molecular weight have found use as thin films, 18 * -193 - 210 as fibers, 194-219 
in metal coating, 19 * -294 in textile and paper coating and impregna¬ 
tion, 203-206 as insulation in electrical apparatus, 207-212 and for a variety 
of other applications. 213-217 

Polyethylenes can be modified in a number of ways by chemical and 
physical treatment to make them more adaptable for special uses. 
Chlorination gives products ranging from slightly chlorinated products, 
having altered solubility and melt characteristics, through high tensile 
elastomers (30% Cl) to hard, brittle materials (45% Cl). 185 - 218-222 Par- 


'•* Perrin. Paton. Williams, and Imperial Chemical Industries. Brit. pat. 474,426 (C. A.. 

32, 3522 (1938)); Fr. pat. 832.174 (C. A., 33. 2624 (1939)); U. S. pat. 2,219,700. 

»»° Myles and Bache, U. S. pat. 2.210,771. 

»»' Aldorson. U. S. pat. 2,405.933. 

in E. I. du Pont de Nemours & Co.. Brit. pats. 579.022 and 579.023 |C. A„ 41, 2274 
(1947)); Brit. pat. 590.055 (C. A.. 42. 416 (1948)). 

,M Ingersoll. U. S. pat. 2.431.042. 

,M Perrin. Paton. and Williams. U. S. pat. 2.210,774. 
m Martin, U. S. pat. 2.367.173. 

**• Richards and Imperial Chemical Industries. Brit. pat. 575.296 |C. A., 41, 5318 (1947)). 
«•» Anon., Silk J. S: Rayon World. 23. No. 272. 36. No. 274. 30; 24, No. 277, 47; No. 279. 
29 (1947) [C. A., 41, 7122 (1947)). 

'*• British Nylon Spinners and Loasby, Brit. pat. 565.282 (C. A., 40, 4532 (1946)). 

,M E. I. du Pont dc Nemours & Co.. Brit. pat. 571.867 (C. A., 41, 2688 (1947)). 

Greenwood. Chem. Trade J .. 122. 217 (1948). 

«' Kocdel. U. S. pat. 2.400.039. 

* w Woodbridge. U. S. pat. 2.429,861. 

w* Perrin. Paton. Williams, and Imperial Chemical Industries. Brit. pat. 491.804 |C. A., 

33, 1067 (1939)); Fr. pot. 834.990 [C. A.. 33. 4788 (1939)). 

104 Habgood, Jones, and Smith. U. S. pat. 2.292.441. 

** Dunbar and Imperial Chemical Industries. Brit. pat. 518.916 (C. A., 35, 8315 (1941)). 
*o» McGill and Imperial Chemical Industries. Brit. pat. 543,197 (C. A.. 36, 5031 (1942)). 
*•* Swallow. Brit. pat. 527.763 [C. A.. 36. 7067 (1941)). 

101 Jackson and Forsyth. J. Inti. Elec. Engrt. (London). 92, I. 214 (1945) |C. A., S9, 

3 *°* Williams and Imperial Chemical Industries. Brit. pat. 570.139 |C. A.. 40, 4561 (1946)). 
«• Ellis. J. Applied Phy$.. 18. 846 (1947). 

an The Resinous Products and Chemical Co.. Brit. pat. 586.826 [C. A.. 42, 2818 (194 )|. 
att Pritchard A Gold & E.P.S. Co.. Honey, and Hardy. Brit. pnt. 570.059 (C. A.. 42, 
2475 (1948)). 

*** Shaw, Plattice. 7. No. 6. 32 (1947). , in48 ,. 

*»« Owens and Imperial Chemical Industries. Brit. pat. 5/7,360 [C. A.. 42, 5/8- (19 . »• 
»'* Habgood. U. S. pat. 2.261.760. .... . , 

ti« Child. Clarke. Habgood. and Imperial Chemical Industries. Brit. pat. 544.359 lb. A., 

36.6700 (1942)). 

n: Rhim J. Soc. /‘lattice Engrt.. 7, / (1951). 

... M v ,e. and Brid*on-Jones. U. S. pats. 2.208.102 and 2.398.803; Brit. pats. 519.422 
• __... in a an i I'm /mtuil 


ir A 36 97 (1942)| and 576.119 ic. A.. 42, 1603 (1948)|. ,, 

i.. Whittaker. U. S. pats. 2.316.481 and 2.364.410; Brit. pat. 538.8,1 |C. A.. 36. 3., . 

(I94‘ , )| 

» Myles. Whittaker, and Imperial Chemical Industries. Brit. pat. 581./1/ |C. 

1889 (1947)). 
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tial oxidation of polyethylenos by hot milling with benzoyl peroxide ami 
similar compounds can lead to cross linking and a less-soluble material 
useful for certain coating applications. 522 This is similar to the vulcani¬ 
zation of rubber by benzoyl peroxide. More vigorous oxidation of poly- 
ethylenes at higher temperatures may lead to the formation of high- 
molecular-weight carboxylic acids. 25 * Thermal treatment at a tempera¬ 
ture at least 85° above the melting point in the absence of oxygen is 
said to improve the solubility and extrusion characteristics of poly¬ 
ethylene.” 5 Pyrolysis in the absence of oxygen at temperatures of 330- 
GOO 0 results in cracking to unsaturated hydrocarbons in the grouse 
range.”*"” 8 Although polyethylenes are quite resistant to oxidation at 
normal temperatures, it is sometimes desirable to protect them further 
against atmospheric oxidation, especially in applications where some¬ 
what elevated temperatures or exposure to light are encountered over 
prolonged periods. With this in view a number of patents have been 
issued covering various combinations of the polymer and antioxi¬ 
dants.” 5 ” 0 Aqueous and solvent dispersions suitable for coating, im¬ 
pregnation, etc., have been prepared in a number of ways. These poly¬ 
mers have also been converted to a spongy mass by the use of blowing 
agents.”*- 22,-224 


INTERPOLYMERIZATION OF ETHYLENE AT PRESSURES 
ABOVE 7600 P.S.I. 

Perrin, Fawcett, Paton, and Williams 225 were the first to report the 
interpolymerization of ethylene with other olefinic compounds at high 
pressures. This work, which was carried out in the laboratories of the 
Imperial Chemical Industries, was a result of the work concerning the 
high-pressure polymerization of ethylene, ,u - 127 and the conditions em- 

“ E. I. du Pont do Nemours & Co.. Brit. pat. 597.833 |C. -4.. 42. 4794 (1948)). 

”* Whittaker. Forsyth, and Imperial Chemical Industries. Brit. pat. 581.279 (C. A., 42, 
415 (1948)). . 

m Baird. Forsyth, and Imperial Chemical Industries, Brit. pnt. 571.943 (C. A., 41, 4333 
(1947)). 

“ Joyce. U. S. pat. 2.372.001. 

07 Seymour, Ind. Eng. Chrm., 40, 524 (1948). 

m Richards and Imperial Chemical Industries. Brit. pat. 5G9.043 (C. .4.. 41, 4982 
(1947)). 

"•Western Electric Co.. Brit. pat. 694.891 (C. A., 42, 2473 (1948)). 

Latham and Strain. U. S. pnt. 2.434.662. 

Alvarado and Doroufth, U. S. pat. 2.290.794. 

“ Gomm. U. S. pat. 2.313.144. 

*" Peters. U. S. pat. 2,384.848. 

“* Flint and Clarke. U. S. pat. 2.386.674. 

m Perrin. Fawcett. Paton. and Williams, U. S. pat. 2.200.429; Brit. pat. 497,643 and 
Fr. pat. 836,988 [C. A.. 33, 3930, 5949 (1939)). 
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ployed were similar. The initiator was oxygen in a limited amount 
(0.04-0.1%), or benzoyl peroxide, and no liquid reaction medium was 
used other than the olefinic material added for interpolymerization. 
The temperature range was 210-250°, and the pressure range was 
22,000-37,000 p.s.i. Perrin et al. give examples of the interaction of 
ethylene with the following olefinic compounds: 1,3-butadiene, styrene, 
stilbene, limonene, diethyl maleate, diethyl fumarate, diethyl itaconate, 
diethyl citraconate, methyl methacrylate, butyl methacrylate, glycol 
dimethacrylate, vinyl acetate, isobutylene, and amylene, and state that 
these are examples of the following general groups capable of interpoly¬ 
merization: monovinyl unsaturated hydrocarbons, esters of unsaturated 
polybasic acids, esters of acids of the acrylic and substituted acrylic 
series, vinyl esters, compounds containing more than one double bond, 
and esters of polymerizable unsaturated acids. 

After the early English work, the course of development of high- 
pressure ethylene interpolymerization, both in the United States and 
abroad, closely paralleled the improvement made in the polymerization 
of ethylene alone. In interpolymerization, as in polymerization, it was 
found that operation in aqueous systems, 1,4U,w either with 536 or 
without 139 dispersing agents, or in suitable non-reactive organic liquids 
such as toluene, isooctane, or /erf-butyl alcohol,and with initiators 
other than oxygen at lower temperatures, was advantageous. The 
presence of a suitable liquid in the system, in addition to the olefinic 
material added for interpolymerization, afforded better temperature 
control and in many cases a better environment for interpolymerization. 
The use of other free-radical-producing initiators in place of oxygen al¬ 
lowed interpolymers to be prepared over a much wider range of tempera¬ 
ture than was possible with oxygen alone and may result in products 
having higher molecular weight and improved physical properties. The 
usjful initiators are similar to those used in straight ethylene polymeri¬ 
zation (p. 1028). In general, the same principles apply with regard to 
the effect of operating conditions and reaction environment on the nature 
of the product, in both polymerization and interpolymerization of 

ethylene. - ,, 

In the course of the many studies that have been made in this held, 
olefinic compounds of diverse types 237 have been reported or suggested 
as components in ethylene interpolymerization. A partial list of these 
compounds follows. 


tit Hanford and Roland. U. S. pat. 2.397.200. 

W Sco. for example, the Ibt in Hanford. U. S. pat. 2.396.7S5. 
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Vinyl Estrra 


Vinyl formate 5,1 
Vinyl acetate w.«a 
Vinyl chloroacetate 50 
Vinyl thiolacetate 04 
Vinyl propionate 50 “ 

Vinyl butyrate * 4 * 

Vinyl isobutyrate* 45 - 00 
Vinyl crotonate * 45 
Vinyl pivalate 04 05 
Vinyl hexanoatc* tt 
Vinyl diethylacetate °* 

Vinyl o,a-dimethylbutyratc m 
Vinyl ferf-butylacetatc °* 

Vinyl benzoate * 44 - 0 * 

Vinyl hexahydrobenzoate 05 
Vinyl 2,4-dimethyIpcntanoatc 01 
Vinyl a-mcthyl-a-ethylbutyrate 05 
Vinyl cyclohexylacetatc °* 


Vinyl ortho-, mtUx and para-toluates °* 
Vinyl 2,4-dimethylbenzoate 05 
Vinyl 2,4,6-trimethylbenzoate 
Vinyl laurate 00 
Vinyl stearate 00 

Halogcnatcd UnsaturaUd Hydrocarbons 

Vinyl chloride ol 

1.1- Dichloroethylcne »“■**** 

1.2- Dichloroethylcne m 
Trichloroethylene * tt 
Chlorot rifluoroe t hy lcnc * 44 -* M 
Vinyl bromide 00 

1.1- Dibromoet hy lone 544 
Vinyl fluoride 05 

1.1- Difluoroethylenc 00 
Tetrafluorocthylene **» ****** 

2-Chloro-l-propone U1 
2-Chloro-l,3-buta«lione *“ 


•’» Brubaker, U. S. pat. 2,396,677. 
f * Larson, U. S. pat. 2,396,920. 

Kollog and Frolich, U. S. pat. 2,391,095. 

,4 ‘ Brooks. Peterson, and Weber, U. S. pat. 2,388.225. 

541 Hanford. U. S. pat. 2,360,673. 

*° Hanford. U. S. pat. 2,378,629. 

544 Hanford. U. S. pat. 2.392,378. 

141 Hanford. U. S. pat. 2.395.327. 
ut Hanford and Boland. U. S. pat. 2.397.260. 

*” Hanford and Roland. U. S. pat. 2,402,136. 

544 Hanford. U. S. pat. 2,405,950. 

M Hanford and Roland. U. S. pat. 2,409,679. 

•° Hanford and Solsberg. U. S. pat. 2,436,256. 

**’ Brubaker, Roland, and Peterson. U. S. pat. 2,422,392. 

“ Coffman and Ford, U. S. pat. 2,419,009. 
m Hanford, Roland, and Mochel. U. S. pat. 2,473.996. 

04 Brubaker, U. S. pat. 2,377.753. 

04 Roland. U. S. pots. 2,386,347 and 2,399,653. 

04 Peterson. U. S. pat. 2,391,920. 

“ T Squires. U. S. pat. 2,395,381. 

04 Young. U. S. pat. 2,394,960. 

04 E. I. du Pont do Nemours A Co.. Brit. pat. 562,092 (C. A., 40, 500 (1946)). 
**• E. I. du Pont do Nemours A Co.. Brit. pat. 569,927 (C. A., 41, 6080 (1947)). 
* 4 ' Imperial Chemical Industries. Brit. pat. 582,093 (C. A., 41, 1886 (1947)). 

50 E. I. du Pont do Nemours A Cv.. Brit. pat. 576.830 |C. A.. 42, 3620 (1048)). 
*“ Richards. Myles, and Whittnker. Brit. pat. 584,324 (C. A., 41, 3322 (1947)}. 
544 E. I. du Pont de Nemours A Co.. Brit. pat. 583,419 [C. A., 41. 2608 (1947)}. 
** Hanford and Roland. U. S. pat. 2.468.664. 
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Unsaturated Hydrocarbons 

Propylene «*• ****** 

Isobutylene **• 

1,3-Butndienc *”•*“ 

Amylene "* 

Isoprene *“ 

Styrene*“ 
cr-Methylstyrene - a 
Methylenecyclohexenc 144 
I-Octene 1,4 
Cam phene ** 

I.imonene *” 

Terpenes *" 

Acrylic Acid Derivatives 

Methyl, ethyl, propyl, butyl, and amyl 
acrylates 

Methylene diacrylate m 
Acrylamide ** 

N-Alkyl- and N.N-dblkylacrylamides w 
Acrylonitrile w,a 
a-Haloacrylic acids and esters *“ 

Methyl, ethyl, and propyl a-chloro- 
acrylatcs w 
a-Chloroacrylamidc **• 
N.N-Dimcthyl-a-chloroacrylamide ,rt 
a-Chloroacrylanilide M 
N-Methyl-N-phenyl-a-chloroacryl- 
amide * tt 

a-Chloroacrylonitrilc * rt 
Methyl, ethyl, and propyl methac¬ 
rylates “* 

Methylene dimethacrylate *" 
Methacrylamide *» 

N-Alkyl- and N.N-dialkylmethacryl- 
amides* 47 

Met hacrylonit rile *» 

N-Vinyl Compound* 

N-Vinylsuccinimide 147 
N-Vinyldiglycolimide 1,7 
N-Vinylphthalimide U1 
N-Vinylcarbazole 90 

N-Vinyl imidc of naphthalene-1,2-di- 
carboxylic acid 1,1 
X-Vinyl imide of naphthalene- 
carhoxylic acid *' 7 


Vinyl Ethers 

Vinyl ethers “* 

Methyl vinyl ether “ 

Propyl vinyl ether m 
Butyl vinyl ether*“ 

Phenyl vinyl ether 544 

Unsaturated Acetals 

Divinyl formal 07 
Divinyl butyral** 

Derivative* of Unsaturated Polybasic 
Acids 

Maleic anhydride 
Dimethyl malcate* 47 
Diethyl maleate" 0 
Maleamide **• 

Maleonitrile * - 

6u-N,N-Dimethylmaleamide **° 
Dimethyl fumarate* 47 
Diethyl fumarate" 7 *" 

Fumaramidc * - 

Wa-N.N-Dimethylfumnmmidc "° 
Fumaronitrile 744 
Dimethyl itaconatc 147 
Diethyl itaconate m “* 

Itaconamide **• 

W#-N,N-DimethyliUconamide "° 
Itacononitrilc ,a 
Dimethyl citraconate 1,7 
Diethyl citraconate *” 

Citraconamidc * rt 

Citracononitrilc 144 

bis- N.N-Dimcthylcitraconamidc 

Methyl crotonate"* 

Vinyl Ketones 

Vinyl ketones m 
Methyl vinyl ketone 
Ethyl vinyl ketone m * 4 * 

Miscellaneous 

Methyl vinyl sulfone *” 

Vinyl sulfonic esters m 
1-Cyano-1,3-butadienc *” 

Allyl esters of polybasic acids ** 



REACTIONS OF ORGANIC GASES UNDER PRESSURE 1037 

As might be expected, ethylene does not interpolymerize equally well 
with all the compounds in the preceding list. Under most circumstances, 
ethylene interpolymerizes most readily with compounds that are most 
similar to it chemically, i.e., monoolefinic compounds which carry no 
active hydrogens, or other groups capable of chain termination, which 
are non-conjugated, which have a relatively unhindered double bond, 
and which have a high heat of polymerization. 

Vinyl acetate is an example of such a compound. The interpoly¬ 
merization of one molecule of ethylene with two molecules of vinyl 
acetate may be ideally represented as 

r. +CH«=CH, -* RCHjCHi- 

UCHjCHf + CHjCOOCH=CHj — RCH,CH*CHCH,- 

OOCCHj 

RCHaCH : CHCH 2 - + CH,COOCH=CH, — 

I 

OOCCH, 

RCHjCHjCHCHj-CHCH, • etc. 

I I 

OOCCH, OOCCHa 

RCHjCHjCHCH*-CHCH,- + nCH^CH* + 2nCH,COOCH=CH a 

I I 

OOCCH, OOCCH, 

R r —CHjCHjCHCHj-CHCH,—1 R' 

OOCCH, OOCCH, \ x 


(where R' represents a group introduced through a chain-terminating 
reaction). It is obvious that such a product is a modified polyvinyl 
acetate. 

In contrast to many olefinic compounds, vinyl acetate will interpoly¬ 
merize with ethylene under a variety of conditions, and the ratio of 
ethylene to vinyl acetate in the product can be varied by altering the 
relative amount of reactants and/or the operating conditions. Perrin 
el al. 9t interpolymerized 10 ml. of vinyl acetate with ethylene containing 
0.06% oxygen in an 80 ml. vessel by heating at 210° for 18 hours with 
an applied ethylene pressure of 37,000 p.s.i. They reported that the 
interpolymer, which softened at 92°, contained “about 25% vinyl ace¬ 
tate.” Brubaker 23 * used equal parts of vinyl acetate and deaerated 
water with benzoyl peroxide at 75-76°, with an ethylene pressure of 
10,000-15,000 p.s.i., and with a reaction time of 10 hours. The inter¬ 
polymerization was carried out both with and without a dispersing 
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agent. Omission of the dispersing agent gave an interpolymer having a 
higher intrinsic viscosity. Brooks, Peterson, and Weber 241 also studied 
an aqueous emulsion system at high pressure (13,500-15,000 p.s.i.) but 
used sodium persulfate together with borax as a buffer. An emulsion 
of 30 g. of vinyl acetate in 150 ml. distilled water was subjected to the 
action of compressed ethylene in a 400-ml. vessel with agitation over 
a period of 11 hours at 70-120°. Peterson 566 used a non-aqueous 
system and subjected 45 parts of vinyl acetate dissolved in 60 parts 
of 2,2,4-trimethylpentane and containing 0.5 part of diethyl peroxide 
(C 2 H 5 OOC 2 H 5 ) to an ethylene pressure of 13,500-15,000 p.s.i. for a 
period of 8 hours with agitation and obtained an interpolymer having a 
ratio of ethylene to vinyl acetate of 7.8/1. Hanford 537 also used 2,2,4-tri¬ 
methylpentane as the reaction medium (40 parts vinyl acetate, 60 parts 
2,2,4-trimethylpentane) but employed benzoyl peroxide as the in¬ 
itiator. At 75-77° and with an ethylene pressure of 12,500-14,000 p.s.i. 
maintained over a period of 10 hours, an interpolymer having an ethyl¬ 
ene/vinyl acetate ratio of 8.2/1 was obtained. Squires 567 described a 
continuous process for the preparation of interpolymers of ethylene with 
vinyl acetate which consisted in reacting the mixed monomers in the pres¬ 
ence of water, benzene, and other liquids with oxygen or peroxy com¬ 
pounds at temperatures of 50-400° and pressures of 12,000-22,000 
p.s.i. In continuous operation, the reaction time was reduced signifi¬ 


cantly. 

Although this section is principally concerned with intcrpolymeri- 
zation at pressures above 7500 p.s.i., it should be mentioned that, in 
contrast to some olefinic compounds, vinyl acetate also interpolymerizes 
well with ethylene at lower pressures. Lowering the ethylene pressure, 
which is equivalent to reducing the concentration of ethylene in the 
system, produces the expected result, and interpolymers containing 
relatively less ethylene are obtained. It has been stated that in the 
range of 12,000-15,000 p.s.i. interpolymers having an ethylenc/yinyl 
acetate ratio of 8/1 arc produced, and this can be raised to even higher 
ratios by reducing the amount of vinyl acetate used. In the range 
3000-4500 p.s.i. interpolymers having a ratio closer to 1/1 are formed. 
Thus Sargent and Hanford found that, if the interpolymemation was 
conducted in fert-butyl alcohol with benzoyl perox.de 
3150-4200 p.s.i. ethylene pressure, a product resulted which had an 
ethylene/vinyl acetate ratio of 1.8/1. When the ethylene pressure 
1 reduced still further, the relative amount of vinyl acetate appearing 
in the product rose rapidly. Roland - described the potion of 
interpolymers having an ethylene/vmyl acetate ratio of 1/43 by op 


m Sargent and Hanford. U. S. pat. 2.40..234. 
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ating at about 75 p.s.i. pressure. Hopff el al. w also indicated that 
interpolymers could be prepared at relatively low ethylene pressures. 
Ethylene will thus interpolymerize with vinyl acetate via a free-radical 
mechanism at pressures where there is little tendency for the homo- 
polymer to be formed under the same conditions. 

Although a discussion of the properties and reactions of the many 
known ethylene interpolymers is beyond the scope of this chapter, it 
seems worth while to comment briefly on the interpolymers of ethylene 
with vinyl acetate since they have received much study and are illustra¬ 
tive of the versatile and economically attractive products that may be 
prepared. 

The interpolymers of ethylene with vinyl acetate which have high 
cthylenc/vinyl acetate ratios are tough, form-stable thermoplastic 
materials having many of the desirable properties of polyethylene. 
They can be extruded, sheeted, spun, and fabricated in other ways into 
useful products. As the relative amount of vinyl acetate is increased, 
the interpolymers become more elastic at normal temperatures but re¬ 
tain the properties of toughness, tear resistance, good tensile strength, 
and favorable resistance to ordinary oxidation. 

Upon oxidation under vigorous conditions, as with boiling nitric acid, 
interpolymers of ethylene with vinyl acetate are attacked first at the 
ester groups. When interpolymers having high ethylene/vinyl acetate 
ratios are so treated, dibasic acids of high molecular weight are 
formed.” 7 This represents a potentially low-cost source for such com¬ 
pounds. 

When interpolymers of ethylene with vinyl acetate are heated in the 
absence of air at 250-300°, it is possible to remove a considerable 
portion of the acetic acid combined in the molecule. Pyrolysis under 
these conditions introduces unsaturation in the polymer chain without 
seriously degrading the molecule. If the pyrolyzcd material is then 
compounded with the usual rubber-processing materials such as sulfur, 
zinc oxide, accelerator, and carbon black, and cured, vulcanizates 
having properties similar to those of vulcanized rubber are obtained. 268 
This provides a means of preparing tough elastomers without the use of 
diene hydrocarbons. 

Some of the more interesting derivatives of interpolymers of ethylene 
with vinyl acetate result from hydrolysis. Just as polyvinyl acetate can 
be hydrolyzed to polyvinyl alcohol, these ethylene interpolymers yield 
modified polyvinyl alcohols. 288 - 26 * With an interpolymer having an 

MT Hanford. U. S. pat. 2,360,673. 

m McAlevy, Strain, and Chance, U. S. pat. 2,388,169. 

m Plambeck. U. S. pat. 2.467,774. 
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ethylene/vinyl acetate ratio of 1/2, hydrolysis may be represented as 
—CHCH 2 CH 2 CH 2 CHCH 2 — 

I I 

OOCCHj OOCCH, 

—CHCH 2 CH 2 CH 2 CHCH 2 —"1 + 2xCH 3 COOH 

I I 

OH OH 



The properties of these hydrolyzed interpolymers of ethylene with vinyl 
acetate depend upon their composition; for example, the products 
containing predominantly ethylene are soluble in hot aromatic hydro¬ 
carbons, the members of the group that contain increasing amounts 
of “vinyl alcohol” are soluble in mixtures of aromatic hydrocarbons and 
alcohol, in ethanol, or in ethanol-water mixtures, and the products that 
are derived from interpolymers containing predominantly vinyl acetate 
are soluble in water. These interpolymers combine some of the better 


features of both polyethylene and polyvinyl alcohol. Thus, certain of 
these products are much less water-sensitive than polyvinyl alcohol but 
have higher softening temperatures and better dye receptivity than 
polyethylene. The tensile strength in most cases is good, and these 
materials can be oriented by hot drawing. This combination of proper¬ 
ties makes these products attractive as potentially low-cost fiber- and 
film-forming materials; Roland ns and Stevenson 571 have described 
both melt and solvent spinning of fibers and the preparation of films by 
hot-pressing and solvent-casting. 

Because the hydrolyzed interpolymers are polyhydroxy compounds, 
they can be chemically modified in a number of ways. Sharkey prepared 
a number of polysulfate esters, 270 as well as xanthates 271 and ethylene 
oxide condensation products. 272 Coffman described the preparation of 
the carboxymethyl ethers. 270 Hoover showed that the hydrolyzed inter- 
polymers can be insolubilized by treatment with N-methoxymethyl1 poly- 
hexamethylene adipamide and related materials. 270 Alderson found that 
benzoyl peroxide will also produce an insolubilizing effect. Dnsorya- 
nates and N-hydroxymethyl amides can be used for the same purpose, 


Sharkey, U. S. pat. 2.395.347. 
*n Sharkoy, U. S. pat. 2.396.210. 
™ Sharkey. U. S. pat. 2.434.179. 
* TI Stevenson. U. S. pat. 2.411.474. 

Coffman. U. S. pat. 2.434.145. 
,7 » Hoover. U. S. pat. 2.448.978. 
Alderson, U. S. pat. 2.448.946. 
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especially with fibers.” 7 - 278 Smith described the preparation of a urea- 
formaldehyde molding composition modified by ethylene and vinyl 
acetate, 279 and Woodward 280 employed a similar method to prepare non¬ 
diffusing color formers for color photography. 

Ethylene does not ordinarily yield high-molecular-weight products 
with other olefins such as propene, isobutene, and amylene in free- 
radical-catalyzed systems, even at high pressures. This may be at¬ 
tributed to the chain-terminating action of the active hydrogens in these 
compounds present as methyl or methylene hydrogens activated by an 
adjacent double bond. High-quality lubricants in the grease and oil 
range can be prepared in good yield, however, by allowing propene or 
butene to interact with ethylene at 250° and 13,500-15,000 p.s.i. in the 
presence of a suitable high-temperature catalyst such as a hydrazine 
derivative. 248 It is interesting to note that the lubricating oils prepared 
under these conditions may have viscosity indices well above 100, 
whereas similar ethylene interpolymers prepared with ionic catalysts, 
such as aluminum chloride, may have much lower indices as a result of 
extensive changes in the linear polymer. 

The efficiency of high-pressure interpolymerization of ethylene with 
halogcnated olefins depends appreciably upon the reactivity of the 
halogen in the monomer and in the growing polymer chain. With 
monomers such as tetrafluoroethylene, 281 chlorotrifluoroethylene, 282 and 
vinyl fluoride, 287 interpolymers of high molecular weight can be readily 
prepared. With vinyl chloride it is more difficult to produce high- 
molecular-weight products, and with vinylidene chloride lower-molecu- 
lar-wcight materials are usually obtained. 

In general, monomers such as acrylonitrile and other acrylic acid 
derivatives, butadiene, isoprene, chloroprene, and styrene do not yield 
high-molecular-weight interpolymers with ethylene. 

At high pressures several readily available, non-olefinic unsaturated 
compounds, which do not normally interpolymerize with vinyl-type 
monomers, can be interpolymerized with ethylene in the presence of 
free-radical-producing substances. Thus, in the pressure range 9000- 
15,000 p.s.i. with temperatures of 75-150° and in the presence of free- 
radical-producing substances, ethylene interpolymcrizes with formalde¬ 
hyde or formaldehyde-yielding compounds to give high polymers 

m E - I- du Pont de Nemours & Co., Brit. pat. 571,826 [ C . A., 41 , 2938 (1947)1. 

m Pease, U. S. pat. 2,403,465. 

”* Smith. U. S. pat. 2,436,080. 

M# Woodward. U. S. pat. 2,473,403. 

Ml Hanford and Roland, U. S. pat. 2,468,664. 

,n Hanford, U. S. pat. 2.392.378. 

,u Coffman and Ford, U. S. pat. 2,419,009. 
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containing hydroxyl groups. 2 * 4 - 285 These may be represented as 


ru-H 2 C=CH 2 + nyCHjO 


OH 


-(CH 2 CH 2 ) x (C)„— 
H 


Other non-vinyl compounds having carbonyl unsaturation, such as 
carbon monoxide and dioxide, also interpolymerize with ethylene. At 
pressures of 7500-15,000 p.s.i. and temperatures of 100-130°, inter¬ 
polymers of ethylene with carbon monoxide having E/CO ratios of 
5/1 to 1/1 may be prepared. Free-radical-producing substances such as 
diethyl peroxide or benzoyl peroxide may be used, and the interpoly¬ 
merization may be carried out in water, or in an organic liquid such as 
dioxane, or in the absence of a liquid reaction medium. 286 These inter- 
polymers contain carbonyl groups and their formation may be repre¬ 
sented as 

ru-H 2 C=CH 2 + nyCO — (—(CH 2 CH 2 ),(CO),—)„ 


Depending upon their molecular weights and upon their compositions, 
they may be used as waxes, as film-forming materials, or as ingredients 
in molding compounds. 287 

Because they are polyketones, they may be modified in various ways. 
Hanford 286 and Pinkney m28 * described the reaction of these materials 
with aldehydes, such as formaldehyde, and with polymer-forming sub¬ 
stances to produce thermosetting resins. Scott 290 showed that these 
polyketoncs may be insolubilized by treatment with hydrazine and hexa- 
methylenediamine. Mortenson 291 reacted these interpolymers with 
acrylonitrile to produce poly-2-cyanoethyl derivatives. 

Carbon dioxide likewise yielded polymeric products with ethylene at 
pressures above 7500 p.s.i., 292 under conditions similar to those used in 
the preparation of interpolymers of ethylene with formaldehyde and with 
carbon monoxide. Some of these products are hard waxes and resemble 
natural high-molecular-weight esters such as carnauba wax. 


Hanford, U. S. pat. 2.373.501. 

Imperial Chemical Industries. Brit. pat. 
*«• Hanford. U. S. pat. 2.351.120. 

Mi Imperial Chemical Industrie*. Brit. pat. 
**• Pinkney. U. S. pat. 2.441.0S2. 

119 Pinkney. U. S. pat. 2.457.2/1. 

990 Scott. U. S. pat. 2.457.279. 

991 Mortenson. U. S. pat. 2.390.963. 

991 Sargent. U. S. pat. 2,462.080. 


583.173 1C. A.. 41 . 2939 (1947)]. 
583.172 !C. A., 41 . 3323 (1947)). 
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TELOMERIZATION 

During the work on the free-radical-initiated high-pressure polymeri¬ 
zation of ethylene a great many compounds were tried as polymerization 
media. A few of these compounds, such as water, ter/-butyl alcohol, 
2,2,4-trimethylpentane, and benzene, which met certain structural 
requirements, were found to provide an excellent environment for the 
production of high-molecular-weight ethylene polymers (p. 1028 ), but 
the majority of the materials tested was found to react with the poly¬ 
merizing ethylene to a greater or lesser degree. When, for example, a 
mixture of carbon tetrachloride and water was used as the “polymeri¬ 
zation medium” for an ethylene polymerization, low-molecular-weight 
chlorine-containing compounds were produced instead of the tough, 
high-molecular-weight polyethylene which was obtained when water 
alone was the reaction medium. For example, Joyce, Hanford, and 
Harmon found that, using a mixture of equal volumes of water and 
carbon tetrachloride as a reaction medium, benzoyl peroxide as the 
initiator, ethylene at a pressure of 1500 1050 p.s.i. as a reactant, and 
a temperature of 85-110°, the product consisted of C3, C5, C7, and Co 
a,a,a,<u-tctrachloroalkancs together with a minor amount of the higher 
homologs. The analysis of the product is summarized in the table. 

Compound Weight % of Total Proiluct 

CUCCH,CH,CI 3.7 

CUC(CH,CH,),CI 40.6 

CUC(CH,CH,) a Cl 28.1 

CUC(CHiCHj)«Cl 13.1 

CUC(CHiCH t )„CI (n > 4) 8.5 

This reaction, or rather series of reactions, may be explained as a chain 
transfer process, a concept that has been used by Flory, 2 * Price, 2 ” and 
Kharasch, Jensen, and Urry 2M to explain similar reactions. 

R- + CCb -► RC1 + -CCI* 

•CCIa + H 2 C=CH 2 -♦ ClaCCHaCH,- 
ClaCCHjCH,- + nH 2 C-=CH 2 -* ClaC(CH a CH 2 )- n+1 

Cl 3 C(CH 2 CH 2 ) n+1 + CCU — ClaC(CH 2 CH 2 ) n + 2 CI + CCI, 
2-CCla ClaCCCI, 

* M Joyce, Hanford, and Harmon. J. Am. Chan. Soc.. 70. 2529 (1948). 

,M Flory, ibid., 59, 241 (1937). 

m Price, Ann. AT. Y. Acad. Sex.. 44, 351 (cf. p. 366) (1943). 

m Kharasch, Jensen, and Urry. J. Am. Chan. Soc.. 69, 1100 (1947). 
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Disregarding the initiating radical and the by-products, this may be 
summarized as 


„H 2 C=CH 2 + CCU — CljC(CH 2 CH 2 ) n Cl 


Bacon and Richards 291 showed that reactions of this type are sus¬ 
ceptible to activation by reducing agents such as sulfites, dithionites, 
sulfoxylates, pyrosulfites, bisulfites, or thiosulfates. 

Ethylene is not unique among olefinic compounds in its reaction with 
carbon tetrachloride. Several investigators reported that polystyrene 
prepared in carbon tetrachloride contained chlorine, 29 *‘* 01 and Price 295 
suggested that the end groups are C1 3 C— and —Cl. Kharasch el al* n 
described the addition of carbon tetrachloride to 1-octene in the presence 
of free radicals from diacyl peroxides to give 1,1,1,3-tetrachlorononane, 
and more recently 294 the addition of carbon tetrachloride to ethylene at 
low pressures to give a compound reported as 1,1,1,3-tetrachloropropane. 

When the reaction conditions were favorable for more than one 
molecule of ethylene, or other polymerizable olefinic compound, to 
react with one molecule of carbon tetrachloride, the reaction was desig¬ 
nated as “telomerization” (derived from Greek telos, meaning “end” 
plus Greek mer, meaning “part”). ,<a Telomerization was formally 
defined in the following manner: “the process of reacting under poly¬ 
merization conditions, a molecule YZ which is called a ‘telogen’ with 
more than one unit of a polymerizable compound having ethylenic 
unsaturation called a ‘taxogen’ to form products called ‘telomere’ 
having the formula Y(A) n Z, where (A) n is a divalent radical formed by 
chemical union, with the formation of new carbon bonds, n being any 
integer greater than one, and Y and Z being fragments of the telogen 
attached to the terminal taxogens.” ,0J Thus in the ethylene-carbon 
tetrachloride system, ethylene is the “taxogen,” carbon tetrachloride 
the “telogen,” and the tetrachloroalkanes (C 5 and above) “telomere.” 

The difference between telomerization and interpolymcrization is 
apparent when the structure of the products obtained in the two proc¬ 
esses, telomere and interpolymere, is considered. Telomere are made 
of several polymerized molecules of a polymerizable substance and the 
fragments of only one other molecule. Interpolymere contain a number 


tz: ».«.«»s*«». w. 

' - Br’olbJh'Tp’ringer. and 5—- *>• •« «'"«• 

so ° Springer. Kauttchuk. 14. 212 (1938). 

"■ Brcitenbach and Masch.n. Z. phyik. Chern., .AWT. 175 (1940). 
m Kharasch. Jensen, and Urry. Scxencr. 102. 128,(1945). 
w Hanford and Joyce. U. S. pat. 2.440.800. 
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of each of two or more different monomer units in their structures but do 

not contain such fragments. .... , . , 

Telomerization differs from simple addition to a double bond in tnat 
more than one molecule of the polymerizable substances appear in the 
product, i.e., Y-(A), -Z «. Y-(A),-Z. The first compound 

in the above table, 1 , 1 , 1 , 3 -tetrachloropropane, is by definition not a 
telomer, although it is formed in this case, of course, by the same mcchu- 
nism as the higher members of the series. 

In addition to carbon tetrachloride, a number of other organic com¬ 
pounds having reactive halogens have been described or suggested as 
telogcns for ethylene. A partial list of these follows. 301-30 * 


Haloalkanes 

CHjCI 

CIIjBr 

CH 3 I 

CH»Cli 

CHjBrj 

CHjIa 

CHjCIl 

CCIjF 

CiHjBr 

CtHjI 

CIIjCClj 

CljCCCU 

CIIaCCUCH, 

Haloalkenes 

CliC-CCl* 

Haloaldchydes 

CljCCHO 

CICH,CH,CHO 


Haloacids, Esters, 
and Anhydrides 
ClCHjCOOH 
ClCHiCOOCH, 
CljCHCOOH 
CljCHCOOCtHi 
CljCCOOH 
CUCCOOCtHt 
CI,CCOOC,H 7 
CHaCHBrCOOH 
BrCHiCIIjCOOII 
(ClCHtCO)jO 
(CljCHCO)iO 
(CUCCO)tO 
(CHiCHBrCO)iO 

Haloaleohols 

BrCHjCHjOH 

CljCCHtOII 

ClCHjCHOHCHtOH 

HOCHjCHCICHjOH 


I/aloethers 

CICHjOCHj 

ClCHiOCHjC! 

CICHjCHjOCHjCHaCI 

Haloaromatics 



Acyl Halides 
CHjCOCl 
CHjCOBr 
CICH*COCI 
CH,CHjCH,COCI 
C1COCOC1 
COCIi 

Sulfonyl Halides 
C«H|SOtCl 
CliCSOtCI 
CHjSOaCl 


As would be expected, these compounds are not all equally reactive 
with the free radical of the polymerizing ethylene. It has been found, 
for example, that among the haloalkanes the order of reactivity is 
I > Br > Cl, 30 * and in the halomethane series the reactivity diminishes 
as the number of halogens is reduced ; 3,6 thus, CC1 4 > CHC1 3 > CH 2 C1 2 
> CH 3 CI. 

Roland, U. S. pat. 2.438.021. 

**• Hannon, Ford, Hanford, and Joyce, unpublished work. 
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With halogenated compounds that enter the telomerization reaction 
easily, such as carbon tetrachloride, the average chain length of the 
teloraers produced depends to a large extent on the relative amounts of 
reactants present. For example, at 90-120° and an ethylene pressure 
of 75-150 p.s.i., only 5.4% of the product was the C 7 telomer, but at 
1500-1G50 p.s.i. the C 7 telomer comprised 28.1% of the product . 293 

It should be noted that with the simple halogen compounds telomeri¬ 
zation affords a method of preparing potentially useful intermediates 
from relatively low-cost raw materials. Hanford and Joyce converted 
a C 5 telomer of ethylene with carbon tetrachloride into o>-chlorovaleric 
acid and 5 -valerolactone 

CH* 

/ \ 

HjC CH, 

I I 

H,C C=0 

\ / 

0 


C1(CH,CH,)*CCI, 


Cl(CH,CH,),COOH 


NaOH 

MtOH 


the C 7 telomer in the same series to suberic acid, 


Cl(CH,CH,)aCCli 


II *o 


H,SO. 


Cl(CH,CH,)jCOOH 


IIOOC(CH,CH,),COO!l 


and the Co telomer from chloroform, II(CH 2 CH 2 ) 4 CC 1 3 , into pelargonic 
acid 303 - 30 ‘ 


H(CH,CH,) 4 CCla 


H»0 

HiSo/ 


H(CH£Ht)«C00H 


Salzberg 306 converted the C 5 telomer into the corresponding 5-tluo- 
cyano compound 

Cl(CH,CH,),CCl a + KSCN -* NCS(CH,CH,),CClj 

The tclomers from methylene chloride, aos C1(CH 2 CH 2 )„CH 2 C1, which 
are a,a>-dichloroalkanes having an odd number of carbon atoms, are also 
interesting compounds. 

It is of interest that in the examples cited above the pressures arc to - 
siderably lower than those which arc normally used for cth >^ne po > 
merization (7500 p*L and above). Telomer, may be 
at higher pressures, as will be noted later, and may contain 100 or more 
etlX uSer molecule. They are usually more interring as spe¬ 
cial products, such as waxes, than as intermedrates for synthesis. 

*o« Salzberg. U. S. pat. 2.407.292. 
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A number of reactive inorganic halogen compounds such as IIC1, 
SOCI 2 , SCI 2 , S 2 C1 2 , and SiCU 3W 307 J0 » are capable of telomcrizing with 
ethylene, giving interesting results. Hydrogen chloride, in the form of 
hydrochloric acid, has been found, for example, to yield alkyl halides 
having an even number of carbon atoms. The reaction may be repre¬ 
sented in abbreviated form as 

„CH*=CII* + HCl -* H(CHsCHsXiCl 

In an example cited by Hanford and Harmon the following were the 
conditions of reaction. Equal parts of water and concentrated hydro¬ 
chloric acid (3 7%) were treated with ethylene at 0000-7500 p.s.i. in the 
presence of benzoyl peroxide at 100° for 6.5 hours. Distillation of the 
resulting water-insoluble, colorless oil yielded the compounds tabulated. 307 

Per Cent 


n-Dutyl chloride 5 

n-Hexyl chloride 5 

n-Octyl chloride 8 

n-Decyl chloride 9 

n-Dodecyl chloride 7 

n-Tetradccyl chloride 7 

n-Hcxadecyl chloride 4 

n-Octadecyl chloride 6 

n-Eicosyl chloride 5 

Ilighcr alkyl chlorides 44 


This distribution may, of course, be altered by changing the reaction 
conditions. The telomerization of ethylene with HCl thus provides a 
method of preparing, from inexpensive material, practically all the 
straight-chain alkyl chlorides having an even number of carbon atoms. 

It has been mentioned that molecular hydrogen is deleterious in 
ethylene polymerization if a high molecular weight is desired (p. 1027) 
because it is capable of reacting with the growing polyethylene chain. 
When increasing amounts of hydrogen were present in the ethylene feed, 
the resulting polymers showed decreasing molecular weight 300 and 
changed from typical tough polyethylenes to hard brittle waxes. Hy¬ 
drogen may thus be considered as the simplest telogen. 

„CH*=CHi -f H, — H(CH 2 CH,) n H 

Although the use of hydrogen thus provides a means of controlling the 
molecular weight of polyethylenes, this can usually be accomplished 
more conveniently by altering the polymerization conditions. 

107 Hanford and Hannon. U. S. pat. 2.440.801. 

** Scott, U. S. pat. 2.407.181. 

m Hanford. U. S. pat. 2.387,755. 
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In addition to molecular hydrogen, the hydrogen in many compounds 
can take part in telomerization with ethylene. This was recognized 
early in the work on the high-pressure polymerization of ethylene, and 
the desirability of using ethylene of high purity and a “clean” reaction 
system was indicated by several investigators (p. 1028). 

It is probable that all compounds which contain a carbon-hydrogen 
bond are capable of chain termination to some degree, but the tendency 
of any particular hydrogen toward the telomerization reaction depends, 
as in various other reactions, upon its position in the molecule and the 
nature of the adjacent groups. In the case of aliphatic compounds, 
secondary and tertiary hydrogens appear to react much more rapidly 
than primary hydrogens. This situation may be reversed, however, if 
the secondary or tertiary hydrogens are protected by steric hindrance 
and/or if the primary hydrogens are activated by suitable groups. 
Aromatic hydrogens are relatively inactive unless activated by ring 
substituents. It might be noted that, in accordance with these gen¬ 
eral rules, certain organic compounds such as isooctane (2,2,4-tri- 
methylpcntane), pentamethylethane (2,2,3-trimethylbutane), /er/-butyl 
alcohol, and benzene appear to be relatively unreactive with free radicals 
and may be used successfully as media for the preparation of high 
polymers. In 2,2,4-trimcthylpentane and pentamethylethane there is a 
preponderance of primary hydrogen, and the secondary and tertiary 
hydrogens are protected by steric hindrance. In /erf-butyl alcohol all 
the hydrogens on carbon are primary, and the hydroxyl hydrogen, as in 
water, is relatively inert. In benzene all hydrogens arc aromatic and, 
as stated above, they are not very reactive in telomerization with 
ethylene. On the other hand, the great majority of organic compounds 
tested showed a decided tendency to telomerize. In these, telomerization 
may occur through suitably situated secondary or tertiary hydrogens, 
either unhindered, or unhindered and activated, or through suitably 
activated primary hydrogens. These reactions may be represented by 
the general equation 

RH + nCH*=CH* — R(CH a CH s )„H 


The telomerization of 1,3-dioxolane, which contains six secondary 
hydrogens, is typical of the work in this field. Peterson and \\ cber 
reacted 1 , 3 -dioxolane with ethylene in the presence of benzoyl peroxide 
at 78-100° and 8500-13,500 p.s.i., and obtained an ethylene ,3-dioxolanc 
tclomer having a composition ratio of 45.5/1 and a molecular weight o 
about 1350 Hanford and Roland »" carried out this telomerization at 
higher temperature (172-176°) with dioxolane peroxide as the initiator. 

iio Peterson and Weber. U. S. pat. 2,395,292. 

«u Hanford and Roland. U. S. pat. 2.402.137. 
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In the pressure range 12,000-13,800 p.s.i. a 22/1 ethylene/dioxolane 
telomer having a molecular weight of about 650 was obtained, lhc 
telomers of ethylene with dioxolane and several related products arc 
waxes which have been found to be excellent replacements for several 
products such as carnauba wax.* 1 * 

The reaction of ethylene with carboxylic acids having at least one 
a-hydrogen is another illustration of ethylene telomerization with com¬ 
pounds having reactive hydrogens. Roland and Harmon 313 allowed 
ethylene at 10,000-14,000 p.s.i. and 245-256° to react with isobutyric 
acid in the presence of a trace of oxygen. The product was a telomer of 
ethylene with isobutyric acid having an average composition of 7.3/1, 
which corresponds to a monobasic acid having an average molecular 
weight of 292 and an average of 18.6 carbon atoms. This telomerization 
may be represented as 

HC(CH*)aCOOH + nCH-=CH, - HtCHaCH^CtCH^COOH 

Coffman 3,1 showed that the formation of telomere of ethylene with 
isobutyric acid conformed with the general rules with regard to the 
effect of temperature and relative concentration of reactants (ethylene 
pressure). Thus at 250° and ethylene pressures of 3000-4500 p.s.i. 
telomer acids having an average of between 5 and 7 carlions were pro¬ 
duced; at 7500-9000 p.s.i., the acids had 17.7 carbons; and at 12,500 - 
14,000 p.s.i., the average composition corresponded to 22.4 carbons. 
When the pressure was held at 12,500-14,000 p.s.i., and the tempera¬ 
ture raised from 250° to 275°, a reduction from an average of 22.4 to 
17.6 carbons in the molecules occurred. 

One other example of the reaction of ethylene with active hydrogen 
compounds should be mentioned because of its relationship to acid- 
catalyzed alkylation with ethylene, which will be discussed later. This 
is the telomerization of ethylene with certain alkylbcnzcnes and related 
compounds. An example from the work of Coffman and Roland m will 
illustrate this type of reaction. Ethylene was telomerized with toluene 
at 250° and 10,000-14,500 p.s.i. pressure in the presence of acetone oxime 
as the initiator and gave a telomer having a molecular weight of 656. 
The average composition thus corresponded to an ethylene/toluene 
ratio of approximately 20/1. The structure of the product is repre¬ 
sented as H(CH 2 CH 2 ) n R, in which R is a radical derived from toluene 
by the removal of one hydrogen. These investigators did not state at 
what point the polyethylene chain is attached, although attack on the 
methyl group, and at para and ortho positions, all appear to be possible. 

m Howk. Roland, and Hochn, U. S. pat. 2.409.683. 
w Roland and Harmon. U. S. pat. 2.433.015. 

M Coffman. U. S. pat. 2.433.016. 
m Coffman and Roland. U. S. pat. 2.432.381. 
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This work does serve to illustrate, however, the greater reactivity of 
toluene when compared with benzene. 

Compounds having very reactive hydrogen, such as acetylene, react 
readily with polymerizing ethylene. Acetylene is therefore deleterious 
as an impurity in the ethylene feed if a high polymer is to be produced 
(p. 1027). When larger amounts of acetylene are added, the effect is 
that of any other active hydrogen compound in causing low-molecular- 
weight products to be formed. This is illustrated by the work of Paton 
and Williams, 316 who subjected a 4/1 mixture of ethylene and acetylene 
to a pressure of 22,000 p.s.i. at 230° in the presence of 0.05% oxygen 
and found the product to be an oil having very good drying properties. 

In addition to the compounds discussed above, numerous other 
hydrogen-containing organic compounds which meet the previously 
discussed requirements have been studied as telogens for ethylene. A 
partial list of these follows. 


Acyclic and Cyclic Acetals and Ketnls IltC-CIICHjOH 


CH 3 OCH 2 OCH 3 *” 
C 2 H i OCH 2 OC 2 H s ,, ° 
(CHjOCIbCHjOhCH* il0 
(CH 3 OCH 2 CHjOhCHCH 3 

H*C-CH 2 

4 4 

CH, 

u,c- ch," 

4 4 

X C(CH,), 

1I,C-CHCH,“• 

4 4 

N ch, 

11,C-CH, " 

V 

iuc / ' '''ch, 
h 2 A ch 2 

X cii 2 


A A 

X ch 2 

CHOU **• 

IlV X ch 2 

A A 


O II 

VI 


HCOClIj 

CHaoAll 


HCOCHj 

llA- 

AhiOCHs 

CjIUOOCCH-CIICOOC*IU ,10 

A A 
V 


IM i>uton anil Williams, U. S. pat. 2.192.9S1. 
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CjlIsOOCCU ClIGOOCslU «• 

<!> 4 

C*H* 

CtlltOOCCII—CHCOOCtH*- 

4 4 

X c^ 



Cl I, «• 

</\> 

H a 4 CHa 

V 

Acyclic and Cyclic Ethers 
CtHjOCtHs*" 

HaC-CH*»» 

H,4 4 Ha 


O *•' 
HaC^ X CHa 
Hai 4lla 

V 


Carboxylic Acids and Anhydrides 
CIIjCIIaCOOH *»*•■**• 
(CHjClIaCOlaO" 1 
IIOOC(CII,) 4 COOH » 
CH,(Cl!s>»COOH ™ 


Esters 

CHjCOOCH* *" 
CHjCOOCHaOCHa"* 
CHjCHaCOOCIIj ,u 
CHaCOOCHtCIKCHah*" 

CHjOOCClItCOOClia **' 
CH,COCHaCOOC,Hs«' 
CHjOOCfCHthCOOCHa m 
C1I(OC|Hi)j ** 


Ketones 

CHjCOCHj 

CII«—CHa *" 

IlaC^ X C*0 

\ / 

Cl Is—CHa 


Aralkyl Hydrocarbons 


O— 

o 


111 


H(CU 3 )j»“ 


Alcohols 

ClIaOH «• 

CalUOH «• 


It has been noted (p. 1047) that one active-hydrogen compound, 
hydrogen chloride, tclomerizes. Other compounds in this category may 
also react. Thus, Hanford m found sodium bisulfite to be an active 
telogen. The telomers produced were sodium salts of long-chain alkane- 
sulfonic acids (having an even number of carbon atoms). 

nCHa=CHa + NaHSO, -* H(CH 2 CHj) n SO,Na 

These materials are surface active, as might be expected from their 
structures. 


m Hanford and Roland. U. S. pat. 2.457.229. 
“• Hanford, U. S. pat. 2.398,426. 
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POLYMERIZATION AND INTERPOLYMERIZATION OF PROPENE 

UNDER PRESSURE 


In the petroleum industry it is often desirable to convert, mixtures of 
the lower olefins, including propene, to liquid products by “thermal” or 
"catalytic” polymerization. The temperatures used to effect these 
conversions are usually relatively high, and therefore at least part of the 
propene present is in the gaseous state. Since polymerization in the gas 
phase is accompanied by a marked decrease in volume, the application 
of pressure helps to drive these reactions in the desired direction. 

A great many studies have been carried out in the petroleum industry 
on the “thermal polymerization” of gaseous hydrocarbon mixtures 
containing propene, and many methods of operation have been sug¬ 
gested. 319 The bulk of this work has been done at pressures between 
300 p.s.i. and 3000 p.s.i. and at temperatures between 200° and 650°, 
and has been directed toward the production of liquid hydrocarbons in 
the gasoline range. 


A process proposed by Wagner m/ is illustrative of the methods used. 
Waste gas from various cracking operations and preferably containing 
25% or more olefins was compressed to 500-2000 p.s.i. and heated to 
180-510° by passage through a suitable tubular heating unit. The gas 
flowed through the heating unit at a relatively high velocity, the contact 
time being just long enough for the desired temperature to be attained. 
The hot, compressed gas was then passed into a reaction chamber of 
larger diameter where the velocity of flow diminished and the gas re¬ 
mained for a sufficient period of time for polymerization to occur. The 
exothermic nature of the polymerization was evident from the fact that, 
whereas the gas entering the reactor was at a temperature of 480-510°, 
the temperature of the exit gas may be 10° higher. From the reaction 


a# In the following references. which wore chosen nt random from the vast patent 
literature appearing in recent years concerning the thermal conversion of gaseous hydro¬ 
carbons. several examples of the '•thermal polymerisation" of propene in the presence of 
other olefins and/or saturated hydrocarbons may be found, (a) Lewrohch• *"d A.s- 
burv U. S. pat. I.H43.880. ('»> Frolich. U. S. pats. 1.K09.G81 and 2.002.534. (r) Reid. 
II S oat 1 912 000. W) Weber and McAdams. U. S. pat. 1.923.289. (r) Plummer. U. S. 

Sri rdrc zsnmz. sre sxs we 

2.102.927. <;.> K.l.n V S. ~ 

(„) Hachmuth. U. S. pat. 2.353.234. <-> Ross and Boldt. U. S. pat. 2.392.94.. 
villc. U. S. pat. 2.442.440. 
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chamber, the products, still under pressure, were conducted to suitable 
cooling and separating units. Unpolymerized olefins may be recycled, 
and the liquid product, after suitable stabilization, can be used as a 
motor fuel. Yields of 0.19 to 1.45 gal. of gasoline per 1000 cu. ft. of gas 
charged were reported at temperatures of 340-455° and a pressure of 


In another typical study, Sullivan, Ruthruff, and Kuentzel**® in¬ 
vestigated the thermal polymerization of pure propene at 343-454° and 
500-3000 p.s.i. They found that 60-G5% of the propene can be con¬ 
verted to normally liquid products. 

As in the case of ethylene, it should lx* emphasized that the term 
“thermal polymerization” as applied to propene is used very loosely. 
Again the term “thermal decomposition” is probably more appropriate 
since a variety of reactions, such as cracking, rearrangement, and de¬ 
hydrogenation, may occur simultaneously with simple polymerization, 


to produce a very complex product.* 51 

A variety of “catalytic polymerization” processes has been intro¬ 
duced in the petroleum industry, and it is only natural that many of 
these processes have been used in the conversion of propcne-contnining 
olefinic gases to liquid products, since propene is a constituent of the 
by-product gases from cracking operations.* 55 Propene responds to 
catalytic polymerization better than ethylene, which is the opposite of 
the case in thermal polymerization. In general, ionic or complex¬ 
forming material, such as the aluminum and boron halides and complexes 
thereof, sulfuric acid, phosphoric acid, hydrofluoric acid, acidic clays and 
other siliceous materials, zinc chloride, ferric chloride, and nickel chloride 
are the catalysts of choice. Usually, the reaction conditions in catalytic 
polymerization are milder than in thermal polymerization. An example 
taken from the work of Ipatieff and co-workers* 55 ' * 5 * illustrates the 


no Sullivan, Ruthruff. ond Kuentzel, Ind. Eng. Chcm.. 27, 1072 (1035). 

See Egloff, "Tho Reactions of Pure Hydrocarbons," Reinhold Publishing Corp., Now 
York (1937), pp. 315 ff. 

“ In tho following references, which were chosen from the voluminous patent liternture 
on tho catalytic convention of gaseous hydrocarbons, several examples of the "catalytio 
polymerization” of propene either alone, or in the presence of other olefins and/or saturated 
hydrocarbons, may be found: (a) Hofman, Otto, and Stcgemann. U. S. pat. 1.885.060. 
(6) Wagner. U. S. pats. 1.913.691; 1.934.890; and 1.938.945. (c) Ipatieff, U. S. pats. 

1.960.031; 1,993,512; 1.993.513; 2,018.006; 2.020.649; and 2.057,433. (</) Halpern. Logan. 
Manley, ond Ullrich. U. S. pot. 2.030,030. (c) Morrell. U. S. pats. 2,039.440; 2.039.441; 
and 2,055,875. (/) Kuentzel and Gcissmon. U. S. pat. 2.040.658. (g) Kuentzel, U. S. 
pat. 2,082,500. (5) Ruthruff. U. S. pat. 2.082,518. (*) Stapleton, U. S. pat. 2,425.493. 
(» Wodlcy and Horeczy. U. S. pot. 2.436,238. (fc) Heinrich. U. S. pat. 2.436.571. (/) Linn, 
U. S. pat. 2,436.929. (m) Elwell and Meier. U. S. pat. 2,442.645. (n) Stewart and Moore. 
U. S. pat. 2.446.619. (o) Stodtherr. U. S. pat. 2,456.338. (p) Grote. Swoope. and Brearloy. 
U. S. pat. 2,457,146. (q) Shanloy. U. S. pat. 2.470.904. (r) Tropsch, U. S. pat. 2,063.133. 
•** Ipatieff. Corson, and Egloff, Ind. Eng. Chem., 27, 1077 (1935). 


L 
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manner in which propcne-containing refiner}' gases may be catalytically 
converted to liquid products by polymerization under pressure. A 
catalyst prepared from pyrophosphoric acid and clay was calcined at 
250-270°, crushed and screened to particles of approximately 10-20 
mesh, and charged into a vertical tower. A gas mixture, obtained from 
the stabilizer unit of a cracking plant, which contained 25% olefins, 
including propone and higher members of the series, was passed down 
through the tower at a temperature of 205° and a pressure of 100 p.s.i. 
This operation yielded 5 gal. of liquid hydrocarbons boiling in the 
gasoline range for every 1000 cu. ft. of mixed gas so treated. 

In a similar process, which might be more accurately termed a “cata¬ 
lytic interpolymerization,” Ipatieff and Schaad 124 treated a gas mixture 
containing 40.9% propene and 51.6% isobutene. When this mixture 
was passed over a “solid phosphoric acid catalyst” (containing 65% by 
weight of phosphoric acid calculated as P 2 O 5 ) at 162° and 550 p.s.i., 
89% of the propene and 99% of the isobutene entered into the reaction, 
and a yield of 19.7 gal. of “interpolymer” per 1000 cu. ft. of gas charged 
was obtained. This “interpolymer” boiled principally in the gasoline 
range. 

Several studies have been made of the catalytic polymerization of 
pure propene under pressure. The work of Ipatieff and his colleagues , 1 * 1 
who studied the catalytic action of various forms of phosphoric acid, 
is representative of the accomplishments in this field. They found, for 
example, that propene was converted to liquid products when it was 
passed through 100% phosphoric acid at 204° and 765 p.s.i. pressure. 
During a run of 312 hours a conversion of 55% to liquid polymer, 
principally in the gasoline range, was obtained. In their work they 
found that under mild polymerization conditions (135-200°, 15-225 
p.s.i.) propene polymerized to a liquid mixture of monoolefins having 
branched structures. As the polymerization conditions are made more 
severe (higher temperature and pressure, and longer contact time), 
secondary reactions increase in importance, leading to a product con¬ 
taining not only olefins but paraffins, aromatics, and naphthenes as well. 
Their evidence suggests that, in the initial stages of the reaction, iso- 


H 3 PO 4 + CH 3 CH=CH 2 — [(CHj)*CHl • OPO»H* 


2(<CH,),CHI-OPO,H s 


CH, CH, 

\ / 

C—CII 

✓ \ 

h 2 c cii. 


+ 2H,PC>4 etc. 


- Ipatieff and Schaad. U. S. pat. 2.270.30!I; /nd. Bn t . <!«•>■ 

e Ipatieff, ibid.. 27, 1067 (1935); Ipatieff and Coreon. tbul.. 27. 1069 ( 
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propyl phosphates are formed which decompose to yield phosphoric acid 

dn Ke P nnedyand Hetzel K ‘ found that substantially pure propenc can be 
polymerized to the dimer, the trimer, and higher polymen at 325-375 
and 60 p.s.i. in the presence of an Si0 2 -Al 2 0 3 -lM or Si0 2 -AI 2 0 3 -Cr 
catalyst and that interpolyraers can be prepared from propene and the 
butenes at pressures of 60-150 p.s.i. with these catalysts. 

Freed «’ showed that propene can be interpolymerized with ethylene 
at 300° and 7500 p.s.i. pressure in the presence of alkali or alkaline- 
earth metals to give normally liquid, acyclic monoblcfins containing less 


thart 10 carbon atoms. 

Propene does not yield tough polymers of high molecular weight at 
high pressures in the presence of frcc-radical-producmg substances as 
docs ethylene, possibly because of the activity of the methyl hydrogens, 
which cause a self-telomerizing effect (p. 1047). Propenc may, however, 
be converted to lower polymers boiling in the lubricatmgK.il range, by 
free-radical-initiated polymerization at high pressures. This is illus¬ 
trated by the work of van Peski,»' who found that propenc is con¬ 
verted to a lubricating oil of high viscosity index by heating at 230 and 
3750 p.s.i. pressure in the presence of methyl n-propyl ketazine as the 


initiator. 

Propenc interpolymerizes with a variety of vinyl-type monomers 
over a broad pressure range in the presence of free-radical-yiclding 
compounds. A few examples will suffice. With maleic anhydride in 
toluene as the reaction medium and benzoyl peroxide at 85-95° under 
autogenous pressure, a 1/1 mole ratio interpolymer was formed. Under 
similar reaction conditions, N-butylmalcimide and N-vinylphthalimidc 
also gave 1/1 mole ratio interpolymers, and diethyl fumarate was found 
to yield an 11.5/1 propylene-diethyl fumarate interpolymer” 9 Spc- 
rati u0 observed that propene-vinyl acetate interpolymers may be pre¬ 
pared at mild pressures in aqueous emulsion systems at G0°, and Plam- 
beck studied the hydrolysis of the interpolymer to a modified polyvinyl 
alcohol.” 1 The interpolymerization of propene with vinyl chloride was 
also studied.” 9 Marvel and his students *” described the formation of 
propcne-sulfur dioxide interpolymers under mild pressure in the presence 
of hydrogen peroxide and paraldehyde. 


» Kennedy and Hctzel. U. S. pat. 2,470,171; see also Frey. U. S. pat. 2,427,954. 

Freed. U. S. pat. 2.406.694. 
m von Peski, U. S. pat. 2,478,060. 
m Hanford. U. S. pat. 2,396,785. 

““Sperati, U. S. pot. 2.421.971. 

»' Plambeck, U. S. pat. 2.467,774. 

“ Hunt and Marvel. /. Am. Chem. Soc., 57. 1691 (1935). 
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At high pressure interpolymers of propene and ethylene with carbon 
monoxide may be prepared. For example, Pinkney 313 reacted these 
three components at 130° and 15,000 p.s.i. in the presence of diethyl 
peroxide and obtained a film-forming interpolymer. In the pressure 
range 7500-15,000 p.s.i. and at temperatures of 250-300°, propene 
interpolymerized with ethylene in the presence of a low concentration of 
hydrazine to yield high-quality lubricants (viscosity indices well above 
100). 334 At lower temperatures hard, waxy products were formed which 
may be propene telomers. K * 


POLYMERIZATION AND INTERPOLYMERIZATION OF THE BUTEl/ES 

UNDER PRESSURE 


The butenes (1-butene, 2-butene, and isobutylene) are also produced 
in enormous quantities in petroleum cracking, and their utilization by 
conversion to liquid fuels or lubricants, or as starting materials for fur¬ 
ther synthesis, has received considerable attention. The butenes are 
more amenable to conversion to liquid products through polymerization 
than ethylene and propene, and pressure plays a less important role in 
the treatment of these olefins than in the treatment of the lower mem¬ 
bers of the series. This is especially true with isobutylene, which can 
be polymerized satisfactorily at 1 atm. by absorption in, treatment with, 
or passage over suitable acidic catalysts. However, pressure may be 
applied in the conversion of any of the butenes or of their various mix¬ 
tures with other gaseous hydrocarbons for reasons of convenience and/or 
economy of operation, or in order to obtain certain specific results. 

The butenes vary considerably in their ease of polymerization and 
thermal stability. Ipatieff and Corson 334 found, for example, that in 
the presence of phosphoric acid the polymerization rates increased in 
the order 1-butene, 2-butene, and isobutylene, the last polymerizing 
much more rapidly than the unbranchcd isomers. The thermal sta¬ 
bility of the butenes increased in the same order. 336 - 317 Because of these 
differences, butene-containing refinery gases may be handled in various 
ways, depending on the type of products desired and the economic fac¬ 
tors involved in any particular operation. Thus, unfractionated refinery 
gases from cracking operations, which may be fairly rich in butenes, 
can be subjected to “non-selective” thermal or catalytic polymerization 


Pinkney. U. S. pat. 2.457.271. 

»« Hanford. U. S. pat. 2.405.950. 

Ipatieff and Corson. !nd. En K . Ckrm.. 27. 1069 0*36). N y k 

Hurd. "The Pyrolysis of Carbon Compounds. Chemical Catalog Co.. Now 5ork 

ll »“E«Toff 78: Th. Reaction. o( Pure Hydrocarbon,." Rcinhold Publiahing Corp.. No- 
York (1937). p. 332. 
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with the intention of converting into useful liquid products the maxi¬ 
mum quantity of all olefins present. In other cases butenes can be sub¬ 
jected to polymerization (or interpolymerization) even when they are 
present as minor constituents of gases rich in propene or other poly¬ 
merizable components. When the butenes are thus polymerized as con¬ 
stituents of gaseous hydrocarbon mixtures containing other olefins, and 
usually also gaseous paraffins, the “polymerization” (or conversion) is 
usually carried out under pressure. In these instances the reaction con¬ 
ditions are approximately the same as those given for conversion of 
propene-containing mixed olcfinic gases, since these gases usually con¬ 
tain both propene and the butenes, i.c., pressures of 300-3000 p.s.i. and 
temperatures between 200° and 650° for thermal conversion, and some¬ 
what milder conditions for catalytic conversion. Many of the references 
given for the “polymerization” of propene are, therefore, equally appli¬ 
cable to the high-temperature gas-phase polymerization of butenes. 31 *-*” 

It is often the practice, however, to fractionate gases from cracking 
operations and to isolate, among other fractions, a so-called C 4 cut. 
This consists chiefly of the C 4 olefins and C 4 paraffins together with 
minor amounts of other normally gaseous hydrocarbons. Since iso¬ 
butene is so much easier to polymerize catalytically than 1-butene and 
2-butene, it can be selectively polymerized by contacting the gaseous 
mixture with suitable acidic catalysts, such as sulfuric acid, hydrofluoric 
acid, aluminum or boron halides, phosphoric acid, metal halides, and 
silicates. 33 * Although the selective polymerization may be carried out 
at substantially atmospheric pressure, it is advantageous under certain 
circumstances to conduct this reaction under pressure. Thus Guinot 339 
reported that the polymerization of isobutene in 60% sulfuric acid at 
90° and about 90 p.s.i. pressure gave a higher yield of the desired diiso¬ 
butene (93%) and less high polymer than is obtained at ordinary pres¬ 
sure. Moreover, the use of pressure increases the speed of absorption 
of the olefin by the acid and the rate of production of the polymer. 
This practice may be especially beneficial when isobutene dimer (mix¬ 
ture of 2,4,4-trimethyl-l-pentene and 2,4,4-trimethyl-2-pentene) is de¬ 
sired for conversion to isooctane (2,2,4-trimethyl pentane) for use in 
high-octane fuels. The normal butenes recovered from such selective 
treatment may be polymerized either thermally or catalytically by the 
application of more drastic reaction conditions (high temperatures and, 
sometimes, pressures) to yield liquids suitable for blended fuels, or they 
may be utilized in other ways, such as in the production of butadicne. 33Sf 

***Sco for cxamplo: (a) Slotterbeck. U. S. pat. 2.472,494; (6) McAllister, U. S. pat. 
2,440,286; (e) Bclchctz. U. S. pat. 2.40S.725; (rf) Hepp. U. S. pat. 2.454.171. 

u » Guinot. U. S. pat. 2,274,328. 
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In other cases a C, cut may be subjected to purely thermal polymeri¬ 
zation. This is illustrated by the work of Hjerpe and Gruse, 340 who sub¬ 
jected a fraction to a temperature of about 350° and a pressure of about 
1000 p.s.i. to obtain high-octane motor fuel. 

. Under other circumstances the mixed C 4 olefins may be subjected 
to catalytic polymerization. Thus Kennedy and Hetzel 341 described 
the polymerization of mixtures of the butenes in the presence of Si0 2 - 
Cr 2 0 3 -Ni and Si 0 2 -Cr 2 03 -Co catalysts at 30-250 p.s.i. and 250-350° to 
give useful liquid polymers. Almost unlimited variations in procedures 
are possible in this field. 

The butenes, like propene, are not satisfactorily converted to high 
polymers by free-radical-yielding catalysts. As in the case of propene, 
this may be due to the chain-terminating action of the active methyl or 
methylene hydrogens. 

It is possible, however, to prepare interpolymers from isobutene in 
the presence of free-radical initiators. Gleason, 312 for example, prepared 
an interpolymer of isobutene with vinyl chloride, containing 16-18% 
isobutene, in a persulfate emulsion system at 65° under autogenous 
pressure. Sperati 343 interpolymerized isobutene with vinyl acetate in a 
“bulk” system at 60° in the presence of benzoyl peroxide under autog¬ 
enous pressure and obtained an interpolymer containing about 15% iso¬ 
butene in a 92% yield. This interpolymer was modified by hydrolysis 
to the corresponding isobutene-modified polyvinyl alcohol (p. 1039) from 
which films could be prepared. 

At high pressures and temperatures isobutene can be interpolymerized 
with ethylene in the presence of various hydrazine derivatives to give 
excellent lubricants. Thus at 250° and 13,500 p.s.i. an oil having an 
S.A.E. viscosity of 25 and a viscosity index of 112 can be prepared. 344 

ALKYLATION WITH OLEFINS UNDER PRESSURE 

Alkylation is one of the most important and useful reactions of the 
lower olefins. Although these compounds may take part in a variety of 
alkylation reactions, the present discussion is limited to a consideration 
of olefin alkylations leading to the formation of a new C—C bond (carbon 
alkylation), since these are the most important technically and serve to 
illustrate the general subject of alkylation under pressure. This general 

Hjerpe and Gruse. U. S. pat. 2.317.603.^ 

Kennedy and Hetzel. U. S. pat. 2.470.171. 

Gleason. U. S. pat. 2.379.292. 

Sperati. U. S. pat. 2.421.971. 

Hanford. U. S. pat. 2.405.950. 
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class of reactions may Iw ideally represented as 

\ \ 

—CH + R 2 C—CR 2 - — C*CR,CR,ll 

/ / 

It - hydrogen or methyl 

Since reactions of this type involve the combination of a normally gas¬ 
eous olefin with another gas, with a liquid, or with a solid to give nor¬ 
mally liquid or solid products, it would appear that pressure might play 
an important role. Actually, the majority of alkylations with the lower 
olefins will proceed satisfactorily at atmospheric pressure, especially if 
the reaction is carried out predominantly in the liquid phase and/or re¬ 
active components are used. Higher pressures may be employed, how¬ 
ever, when the reaction is conducted at least partially in the gas phase; 
when less reactive components, such as ethylene and propylene, are used; 
when freedom from certain side reactions is desired; when some dis¬ 
sociable catalysts are employed; when no catalyst is used; or when eco¬ 
nomic or operating factors indicate the desirability of pressure operation. 

Alkylation of Alkanes 

The catalytic alkylation of alkanes was discovered independently by 
Ipatieff and Pines of the Universal Oil Products Company and Frey of 
Phillips Petroleum Company in 1932. This reaction has grown to great 
technical importance since it provides a route to "isooctane" and other 
branched-chain fuels of high octane rating. During World War II iso- 
octane and other alkylates were produced in amounts in excess of 
5,000,000 gal. per day. An enormous amount of work has been done 
in this field, and a very extensive literature has accumulated in a com¬ 
paratively short time.* 44 Many combinations of alkanes and alkenes, 
a large number of catalysts, and the most varied operating conditions 
have been proposed. As a typical example, the synthesis of isooctanc 
(2,2,4-trimcthylpentane) may be cited. This depends upon the alkyla¬ 
tion of isobutane with isobutene in the presence of a catalyst, usually 
sulfuric or hydrofluoric acid. Although this very important alkylation 

CH, CH, CH, CH, 

CH,—C—H + H,C=C—CH, CH,—C—CHr-C—CH, 

CH, CH, H 

***Se«. for example, reviews of Egloff and Hulla, Chem. Rets., 37, 323 (1945); Shrovo. 
Ind. Eng. Chem., 40. 1565 (1948); and Egloff and Hulla. "Alkylation of Alkanes." Roin- 
hold Publishing Corp., New York (1948). Those particularly interested in this subject 
should examine the sovoral hundred U. S. patents in Class 2G0-6S3.4. 
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reaction can be carried out at essentially 15 p.s.i ., 346 it and many other 
catalytic alkylations have been carried out as pressure reactions. A 
brief summary of some reactions of this type involving the lower olefins 
is included here. 

Ipatieff. Crosse, Pines, and Komarovsky 347 studied the alkylation of 
hexane with ethylene in the presence of aluminum chloride (containing 
hydrogen chloride) both at atmospheric pressure and at 225 p.s.i. at 40° 
and 25°, respectively, and obtained Cg and other paraffins. Their re¬ 
sults showed that the increased pressure accelerated alkylation with 
this relatively unreactive olefin. Ipatieff el al. ul and Ipatieff and 
Pines 348 carried out the alkylation of isobutane with ethylene in the 
presence of AICI 3 -HCI at approximately 25° and 225 p.s.i. and obtained 
C« and other hydrocarbons in high yield during reaction periods of 10 
and 4 hours, respectively. The reaction time can be reduced by oper¬ 
ating at higher pressures. Hull and Blunck, 34 * for example, suggested 
that the alkylation of isobutanc with ethylene be carried out at 260° 
and at 2000 p.s.i. over an alumina-AlCl 3 -IICl catalyst. Crosse and 
Ipatieff 38u identified the products from the aluminum chloride-catalyzed 
alkylation of isobutane with ethylene at 150 p.s.i. and 25-35° as con¬ 
sisting of 45% hexanes, of which the greatest part was 2,3-dimethyl- 
butane instead of the expected 2,2-dimethylbutane. This was attrib¬ 
uted to the rearrangement of the latter to the former in the presence of 
the catalyst used. Axe and Schulze 381 found that an alkylate contain¬ 
ing 50-70 volume per cent of 2,3-dimethylbutane (diisopropyl) was 
formed from ethylene and isobutanc at 135° and 200-250 p.s.i. 

The catalytic alkylation of suitable alkanes with propylene under 
pressure has also been studied. Typical of the work in this field are the 
results reported by Ipatieff and Pines , 382 who treated isobutane with 
propene in the presence of aluminum chloride and hydrogen chloride at 
00-75 p.s.i. and 10-15°. Heptanes were the major product. Blunck 
and Carmody 383 employed higher pressures and temperatures; a 07/33 
mole per cent mixture of isobutane/propene passed over a catalyst con¬ 
sisting of LiCl • AICI 3 on pumice at 1000 p.s.i. and 285° was converted 
t 0 heptanes and other paraffins, minor amounts of higher olefins being 

produced. 


**‘Scc for example. Ipatieff and Tines. U. S. pat. 2.112.846. 

** Ipatieff. Grossc, Tines, and Komarcwsky. J. Am. CKcm. Soe.. 58, 913 (1936). 
*•' Ipatieff and Tines. U. S. pat. 2.174.883. 
m* Hull and Blunck. 0. S. pat. 2.196.831. 

340 Grosse and Ipatieff. J- Org. Oum.. 8. 438 (1943) 

« Axo'nnd S,huLc. W. En t . CK «. 39. .273 (.947,. 
jm Inatieff and Pines. U. S. pat. 2.2*3.043. 

- Blunck and Carmody. M. A* ** (1040). 
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An enormous amount of work has been done on the alkylation of iso- 
butane with the butenes. Although isobutene is actually the desired 
alkylating agent, 1 -butene and 2-butene arc usually present as part of 
the “butene” feed. It has been suggested that the n- butenes may be 
isomerized to isobutene either before the alkylation step 3 * 4 or simul¬ 
taneously there with. 3SS Sulfuric acid and hydrofluoric acid have come 
into general use as catalysts for this alkylation. Goldsby and Watson 3S6 
carried out a sulfuric acid-catalyzed alkylation at 150 p.s.i. and 77°, and 
Frey 357 has described a hydrofluoric acid-catalyzed alkylation run at 
150 p.s.i. and 39°. 

The development of an entirely satisfactory explanation for the mech¬ 
anism of the acid-catalyzed alkylation of alkanes by alkenes has been 
difficult because this group of reactions, which superficially may appear 
to be simple, is in reality quite complex. Birch and Dunstan,** 1 IpatiefT 
el aJ., 359 Gorin el a/., 340 Ciapetta, 341 and many others have outlined these 
difficulties. The reaction is not confined to simple addition since prod¬ 
ucts having fewer or more carbon atoms than the sum of the carbon 
atoms in the reactants are found, and polymerization, depolymcriza- 
tion, dealkylation, hydrogenation, dehydrogenation, isomerization, and 
cracking may occur, so that very complex reaction mixtures are ob¬ 
tained. In some instances even the initial step is not confined to the 
production of a single species; isomers occur with apparently equal 
facility. 

In their early work on the alkylation of alkanes, Ipatieff and Grosse 365 
visualized the addition of the alkene to an isoalkane as occurring directly 
on the tertiary carbon atom of the isoalkane. For example, in the pres¬ 
ence of BF 3 -Ni-H 2 0, ethylene was assumed to add to isobutane in the 
following manner. 

CH, CH, 

Cataly«t 

CHa—C— H + CH*=CHa --> CH,—C—CH?CH, 

I I 

CH, CH, 

** Sec. for example. Frey. U. S. pat. 2.394.90G. 

“ See. for example, Birch. Dunstan, Fidler. Pirn, and Tail. Ind. Eng. Chcm., 31. SS-4 
(1939), and Birch and Dunstan, Trans. Faraday Soc., 36, 1013 (1939). 

“'Goldsby and Watson. U. S. pat. 2.211.747. 

“ T Frey. U. S. pat. 2,394.906. 

Birch and Dunstan. Trans. Faraday Soc.. 36, 1013 (1939). 

*' IpatiefT. Grosse. Pines, and Komarewslcy. J. Am. Chem. Soc.. 68. 913 (193G). 

Gorin, Kuhn, and Miles. Ind. Eng. Chcm.. 38. 795 (1946). 

Ciapotta, ibid., 37, 1210 (1945). 

* u Ipatieff and Grosse. J. Am. Chcm. Soc., 67, 1616 (1935). 
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The fact that 2,3-dimethylbutane is actually the main product in this 
particular alkylation, and not 2,2-dimethylbutane as shown above, was 
explained as being due to the isomerization of the former, either at the 
instant of formation or upon later contact with the catalyst. 863 The 
appearance of small quantities of 2-methylpentane was attributed to the 
direct addition of ethylene to a primary hydrogen, a reaction considered 
to be probable because of the preponderance of primary over tertiary 
hydrogens. 


CH, 

I 

CH,—C—CH, + CH*=CH, 

I 

H 


Catalyst 


CH, 

ch,—c—ch 2 ch 2 ch, 
I 

H 


Ipatieff 364 suggests that, when aluminum chloride functions as the 
catalyst, the reaction steps involved are 

CHj=CH 2 + AlClj — CICHjCHjAlClt 


CH 3 ch 3 

C Hj—CH + CICHjCHjAICIj -> CH,—C—CH 2 CH 2 AICI 2 + HC1 


CH, 

CH, 

CH*—C—CH*CH,AICI, + HC1 

I 

CH, 


CH, 

CH, 

CH,—C—CH,CH, + A1CI, 
CH, 


The 2 , 2 -dimethylbutane thus formed was then assumed to isomerize 
to 2 3-dimethylbutane, as already mentioned. Birch and Dunstan, 36 * on 
the other hand, postulated that the initial step involves the formation 
of a complex between the catalyst and the isoparaffin. 


« + 
CH, 


-O OH 

I. i *- 

CH,—CH + 

I / \ 

CHj _0 OH 

4 + 


CH, “O OH 

,♦ | i- \+/ 

CH,—CH S 

I / \ 

CH, _0 OH 
*+ 


Grosso and Ipatieff. J. Org. Chem.. 8. 43S (1943). 
UTcff. OU Gas J .. 37. No. 46. 86 (1939). 
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This complex is assumed to donate a proton to the approaching al- 
kene, and the sulfuric acid then recovers a proton from the isoalkane. 


CH, "O OH CH, 

i + I a- \t/ I 

CH,—CH S + C—CH, — 

I / \ t 

CH, _0 OH CH, 

4+ *4 G 

CH, "O O CH, 

a. I \t/ I • - 

CH,—CH S ©C—CH, 

I / \ I 

CH, .0 011 CH, 


The proton presumably comes from a primary carbon because of the 
partial positive charge ahead)' resident on such groups 


*+ © 


CH, ‘0 0 CH, 

CH,“0 OH CH, 

** i *- \:/ 

© i \:/ i 

CH,—CH S ©C—CH, 

CH,—CH S ©C—CH 

1 /\ 1 

1 /\ 1 

CH, .0 OH CH, 

*+ 

CH,__0 OH CH, 


and the positive and negative fragments combine to give 2,2,4-trimcthyl- 
pentane. 

CH, CH, CH, CH, 

© I I II 

CH,—CH + ©C—CH, — CH,—C—CH,—CH—CH, 

I I I 

CH, CH, CH, 

In support of this mechanism Birch and Dunstan cite the work of 
Ingold el al., 3t * who showed that an isoparaffin will undergo deuterium 
exchange with deutcrosulfuric acid at room temperature. 

In order to account for the isomers that are formed McAllister el af. 166 
suggested that both C—C cleavage and dehydrogenation of the iso¬ 
paraffin occurred in the dealkylation reaction. Thus, in the alkylation 
of isobutane with propene they proposed the following steps. 

** Ingold. Raisin, and Wilson. J. Chan. Soc., 1&43 (1936). 

,M McAllister, Anderson, Ballard, and Ross. J. Org. Chan.. 6, 647 (1941). 
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CH, 

CHa-CH 


Inobutanc 


- CH, 
CII3-C — 
II 

_ Isopropyl 


+ ' CHa— 




Methyl 


CHjCH-CH; 
Primary alkylation 


CHa ^ 

II 

CHa-C-CHj + 2H 


Isobutene 


Hydrogen 


CII, CII 3 

CHa—CH—CH—CH*—CH a 

2.3- Dimcthy I pentane 

and 

CH, CH, 

CH 3 —CH—CH*—CH—CH, 

2.4- Dtmethyipcntane 

CH, ^CH, 

—- ^CH—CH 

CH, '''CH, 

2.3-Dimethylbutane 


tiij | 

CHjCH-CH, 

GHi-CH | Hydrogenation 

SCH,CH,CH, 

alkylation Propane 

CH, (jHIa 
CH*— C— CH*— C H—CH, 

CH, 

2,2.4 TrimethylpenUne 
and 

CH, CII, 

CH*—CH —C—CH,—CH, 

CII, 

2.3.3-Trimclhylpcnlonc 


Caesar and Francis w proposed a similar mechanism based on the 
fission of a C—C bond of the isoalkane, and showed that such a mech¬ 
anism is supported by thermodynamic calculations of equilibria. 

The carbonium-ion theory of Whitmore*” has been used by Ciu- 
petta ,** 1 Birch and Dunstan,*** Ingold el a/.,*” and Ipatieff and Pines 3,,v 
to explain isoalkane alkylation. Ciapetta emphasized the importance 
of hydrogenation-dehydrogenation in the alkylation process and the fact 
that the operable alkylation catalysts can act as hydrogen-transfer 
agents. As an illustration of the use of the carbonium-ion theory to 
explain alkylation, the reaction between an isoalkanc and butene -2 is 
cited. The first step assumes the simultaneous loss of hydrogen (as a 
proton) and electrons by the isoparaffin. 

CH, CH, CH, 


R—C:H 

I 

IV 


R—C: 

I 

R' 


R—C + +2c-+H + 

I 

R' 


w Caesar and Francis. Ind. Eng. Chcm., 33. 1426 (1941). 
1M Whitmore, ibid.. 26. 94 (1934). 

»»Ipatieff and Pines, /. Org - Chem.. 1, 464 (1936). 
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The carbonium ion thus formal then adds to the nlkenc to yield a se<-- 
ond carbonium ion. 

CH 3 ch 3 

W 1 

(6) R—C + CH=CH—CH, 

R' 

The process is completed when the second ion picks up a proton and 
two electrons. 


CII, ch 3 

I I 

.=2 R—C-CH—CH—CH 3 

I 

R' 


ch 3 ch 3 

I I 

(c) R—C-CH—CH—CH 3 + 2t~ + II * 

I 

R' 


CH, CH, 

I I 

R—C-CH—CH,CII, 

R' 


The carbonium ion at stage (6) can rearrange through the shifting 
of electrons intramolecularly and simultaneous shifting of hydrogen 
or alkyl groups; this would result in the formation of isomers. 

The importance of hydrogen transfer in catalytic alkylation has been 
pointed out by Turkcvich and Smith, 170 who postulated that the critical 
requirement for an alkylation catalyst is that it must be able to furnish 
and accept a hydrogen at a distance of approximately 3.5 A. They 
represent the reaction between isobutene and isobutane in the presence 
of sulfuric acid, a typical alkylation, as a hydrogen transfer between 



2.2.4'Trifn«thylrentAn* 


isoalkane and isoalkene. These authors suggest that such a mechanism, 
which takes into account the structures of the catalysts and the react¬ 
ants, offers a sounder explanation of alkylation, as well as catalytic poly- 

* 7 * Turkovich and Smith. Nature, 167, 874 (1946); J. Chem. Phys.. 16, 4G6 (1948). 
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merization, isomerization, and cracking, than those mechanisms which 
demand the addition of a proton or the formation of an ester as an inter¬ 
mediate, since the latter fail to explain why ethylene does not exchange 
with radioactive phosphoric acid, and why hydrogen chloride fails as 
an alkylation, polymerization, or isomerization catalyst. The forma¬ 
tion of an ester as an intermediate was proposed by Schmerling 871 in 
his chain mechanism theory which involves (I) conversion of the iso¬ 
paraffin to a /erf-alkyl ester, (2) addition of the ester to the olefin to 
yield an ester of higher molecular weight, and (3) the reaction of this 
ester with the isoparaffin to give the paraffin product and a new mole¬ 
cule of the /erf-alkyl ester. 

In the field of thermal or non-catalytic alkylation, pressure plays a 
very important role. In processes of this type relatively high tempera¬ 
tures and pressures are employed, and the reaction is run in the vapor 
phase in contrast to catalytic alkylation where relatively low tempera¬ 
tures and pressures suffice, and the reaction is primarily of the liquid- 
phase type. 

Frey and Hepp 872 were the first to explore the possibility of thermal 
alkylation. They found, for example, that isobutane can be alkylated 
with ethylene at 500° and 1500 p.s.i. pressure with a reaction time of 
4 minutes to produce a mixture of isomeric hexanes. These are postu¬ 
lated as resulting from the addition of ethylene to cither (a) primary 
or (6) tertiary carbons. This process has been curried out on an indus¬ 
trial scale. 


CH, 

(a) CH,—CH—CH, + H,C=CH, 

IsobuUnc Ethyleno 


CH, 

I 

CH,—CH—CHjCHjCH, 

2-Mcthylpentane 


(b) 


CH, 

I 

(CH,),CH + H,C=CH* — CH,—C—CH,CH, 

CH, 

Isobutane Ethylene 2.2-Dimethylbutane 

(neohexane) 


Alkylation of Aromatics 


The alkylation of aromatics with olefins began with the work of 
Bulsohn, s:) who found in 1879 that benzene and ethylene renct in the 
presence of aluminum chloride to give mono-, di-, and triethylbenzenes. 


.» Schmerling. J. Am. «cm. Soc . 66. 1422 (1944); 67. 1778 (1945,; 68, 275 (19!«). 
ja p rev and Hepp. Ind. Eng. Chem.. 28. 1439 (193G). 

Balsohn. Bull. toe. ehxm. France. (2) 31. 539 (1879). 
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Because of the economic advantages of employing olefins as alkylating 
agents, this field has received much attention and constitutes a group 
of reactions of great importance in the plastics, rubber, petroleum, tex¬ 
tile auxiliaries, and related industries. The alkylation of benzene and 
other aromatics provides a route to ethylbenzene and thus to styrene for 
polystyrene or butadiene-styrene synthetic rubber, to alkylbenzenes and 
related compounds for use in high-octane fuels (cumene, etc.), and to 
alkylated aromatics suitable for conversion to detergents by sulfona- 
tion. 

Although the majority of alkylation reactions involving aromatics and 
the normally gaseous olefins takes place satisfactorily at atmospheric 
pressure in the liquid phase/ 174 it is often advantageous in industrial 
practice to alkylate aromatics under pressure, especially where a rapid 
gas-phase reaction is desirable. 174 

Most of the olefin-aromatic alkylations under pressure are run as 
catalytic reactions. However, other methods of operation are possible 
(p. 1070). As in the alkylation of alkanes, acidic, ionic, or complex¬ 
forming catalysts arc ordinarily used. Among them may be mentioned 
aluminum chloride, 374 *-* aluminum bromide, 3744 ferric chloride, 374 " sul¬ 
furic acid, 3744 -* various clays, 374 '- rf phosphoric acid, 374 *-*- 1 - 376 hydrogen 
fluoride , 1 * 74 '-* boron trifluoride, 374 ' alkaline-earth acid phosphates, 374/ hy¬ 
drogen chloride, 3744 alumina-hydrogen chloride, 374 * and other mctul 
halides. 377 The following are typical examples of the work that has 
been carried out in the field of catalytic alkylation under pressure. 

Michel 3744 alkylated naphthalene with ethylene in the presence of 
aluminum chloride and a little hydrogen chloride at 300 p.s.i. and in 
the temperature range of 100° to 200° and obtained a- and /3-monoethyl- 
naphthalene, di- and polyethylnaphthalene, and higher condensation 
products. He also found that propylene will react with higher- 
molecular-weight aromatics such as phenanthrene, acenaphthene, and 
anthracene under similar conditions. 

1,4 Sec. for example, the patents of Amos, U. S. pat. 2.225,543, and Stahly. U. S. pat. 
2,373,062; also Ipatieff. Corson, and Pines. J. Am. Chem. Soc.. 68. 919 (1930). 

7:4 In the following references, chosen from the sixeable patent literature on the alkyla¬ 
tion of aromatics, many examples of alkylation with the normally gaseous olefins under 
pressure may be found, (a) Michel. U. S. pats. 1.667,214; 1,741.472; 1.741.473; 1.760.344; 
1,767.302; and 1,878.903. (6) Ipatieff. U. S. pats. 2.001.906-2.001,910. inch (c) Sch6U- 
kopf. U. S. pat. 2.115.884. (rf) Sachanen and O'Kelly. U. S. pat. 2,242.960. («) Ewell. 
U. S. pat. 2.276.171. (/) Schaad. U. S. pat. 2.290.211. (*) d’Ouvillo and Evoring. U. 3. 
pat. 2.338.711. (h) Schroerling and Durinski. U. S. pat. 2.357.978. (») Mattox. U. S. 
pat. 2.360.358. (/) Frey. U. S. pats. 2.372.320 and 2.394.905, and Frey and Jones. U. S. 

pat. 2.373.303. (*) Ipatieff and Schmerling. U. S. pat. 2.374,600. (/) Mann, U. S. pat 
2.390.953. 

Ipatieff. Pines, and Komarowsky. Ind. Eng. Chrm., 28, 222 (1936). 

377 Crosse and Ipatieff. J. Org. Chem.. 1. 559 (1937). 
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Schollkopf 371< found a commercial activated bleaching earth (Tonsil) 
to be effective for the ethylation of naphthalene at 300-600 p.s.i. and 
230° and described the product as consisting of the isomeric monoethyl- 
naphthalenes and higher-boiling polycondensation products. 

Mattox 37 " reported the alkylation of benzene with ethylene at 275° 
and 900 p.s.i. with a 4/1 ratio of benzene to ethylene and in the presence 
of a “solid phosphoric acid catalyst.” 

Pardee and Dodge 37 * studied the alkylation of benzene in the gas 
phase over a variety of catalysts at pressures up to 200 p.s.i. Sodium 
chloride-aluminum chloride on pumice and phosphoric acid on kiesel- 
guhr were found to be the most effective. These investigators discussed 
the thermodynamics of the alkylation and gave a value of 1.66 X 10 3 
for the equilibrium constant at 327°. 

Schaad 375/ alkylated benzene with propene in the presence of mono¬ 
calcium phosphate at 300° and 750 p.s.i. total pressure (525 p.s.i. of 
which was due to added nitrogen) and obtained a high yield ratio of 
isopropylbenzene to higher-boiling products. 

Schmerling and Durinski mA observed that mono- and polvpropyl- 
benzenes may be prepared by reacting benzene with propylene in the 
presence of AI 2 O 3 —ZnO—HC1 at 300° and 1500 p.s.i., and Frey 3761 ran 
the same reaction with hydrofluoric acid as the catalyst at 48° and 
51 p.s.i. 

According to Sachanen and O’Kelly, 3 ™ benzene can be alkylated with 
the butenes in the presence of suitably activated clays at 454° and 1500 
p.s.i. within 15 minutes. The same investigators also studied the alkyl¬ 
ation of benzene by mixed olefins (21% propene and 17% butene) at 
525° and 1500 p.s.i. and obtained a 96% yield of alkylated benzene, 
86 % of which boiled in the gasoline range. 

Much work has been done on the improvement of low-octane gasolines 
by the addition of olcfinic gases from cracking, followed by treatment 
with alkylating catalysts which cause the aromatics and isoalkanes pres¬ 
ent to react with the olefin in the added gases. Typical of the work in 
this field is a series of processes covered by patents to Ipatieff 3716 on 
the addition of gases from cracking operations to straight-run gasolines 
and treatment with sulfuric acid at approximately 100 p.s.i. 

Ipatieff, Pines, and Komarewsky 37 ‘ investigated the use of liquid 
phosphoric acid as a catalyst for alkylation under pressure. In their 
work they observed that benzene, naphthalene, and tetrahvdronaphtha- 
lene can be ethylated in the pressure range 495-900 p.s.i. at 300° with 
this catalyst. 

As in the case of the alkylation of alkanes by alkenes, a number 01 

*• Pardee and Dodge. Ind. Eng. Chtm.. 35. 273 (1943). 
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mechanisms have been offered for the alkylation of aromatics by ole¬ 
fins. 879 

Ipatieff, Corson, and Pines 8M suggested that alkylation in the presence 
of sulfuric acid proceeded via the sulfate ester, formed by the addition 
of the acid to the olefin. 

When aluminum chloride or similar metal halides are the catalysts in 
the addition of ethylene to benzene, and when hydrogen chloride is also 
present, Grosse and Ipatieff 877 postulated the initial addition of hy¬ 
drogen chloride to the ethylene in the presence of the catalyst, followed 
by the reaction of the ethyl chloride with the benzene. 

H jC=CHj + HCI CHjCHjCI 
CHaCHjC! + C«H« i!£!{ C.H*CH,CH, + HCI 
The fact that the presence of hydrogen chloride is definitely advan¬ 
tageous in the reaction and that ethyl chloride has been isolated as a 
by-product is cited as supporting evidence for this mechanism. 877 * 8,1 
Ipatieff and co-workers 8K later proposed a mechanism which involves 
the formation of HA1C1* as an intermediate. 


A1CU + Hd -* A1CI,HCI or :CI:A1:C1: H + 

• • • • 

sd: 


RCH=CHj + HA1CU — KCHCH, 

I 

ClAlCla 


i.e., 


Cl ]“ 
CIAICI R + 
Cl 


C«H. + R—CH—CH, — C«HsCH<^ + HA1CI< 

ClAld, 

Hunter and Yohe 8 * 8 have suggested that the complex between 
aluminum chloride and olefins may be represented as 

R R 

R:C :C :R 

:C1:A1:CI 
• • • • 

Cl 


m Soc discussion by Gilman and Meals. J. Org. Chem., 8, 126 (1943); Francis, Chem. 

43, 257 (1948); Ipatieff, Pines, and Schmerling. J. Org. Chem., 5, 253 (1940). 

"® Ipatieff. Corson, and Pines. J. Am. Chem. Soc.. 58. 919 (1936). 

* Thomas. "Anhydrous Aluminum Chloride in Organic Chemistry," Reinhold Pub¬ 
lishing Corp., Now York (1941). p. 457. 
m Ipatieff, Pines, and Schmerling. J. Org. Chem., 6, 253 (1940). 

** Hunter and Yohe, /. Am. Chem. Soc.. 65. 1248 (1933). 
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Price and Ciskowski 3M have used a similar representation for a boron 
trifluoride complex 

R 

H:C (+> 

■ * c-> 

HiCUBFj 
• • 

H 


and have visualized the reaction of such an olefin complex with benzene 
in the following way. 


R 


«CH 

C: V 


H;C , + , X s CH 

*. (_) -f , 

h:c:bf, r . /y c\\ 

• • V. 


H 


ii CH 


R 


/ 


CH 


CH,CH—C CH 

II I 

HC CH 

\ ✓ 

CH 


F3b;c:c:c: \ ch 

h ii - ■ 

(4)C: 

H CH 


1 


ry^H CH 

“r/r. c J* ^ch 


H H - 

<+>C: 
• • 

h 


Mh + BF ’ 


CH 


As has been noted under the alkylation of alkanes, Birch and Dun- 
stan m extended Whitmore’s mechanism of olefin activation by proton 
addition in polymerization 3,4 to explain alkylation. Their scheme could 
be extended to explain the alkylation of aromatics as follows. 

RtC“CR* + HjSO« — R*CHCR* + + HSO«“ 



The interesting unitary theory of hydrocarbon catalytic reactions 
advanced by Turkevich and Smith 3,0 may also be applicable to the 
alkylation of aromatics. In the alkylation mechanism which they sug- 

Price and Ciskowski. ibid., 60. 2499 (1938). 
j» Birch and Dunstan. Tran». Faraday Sac.. 36. 1013 (1939). 
ut Whitmore, Ind. Eng. Chcm.. 26, 94 (1934). 
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gest, benzene furnishes the necessary proton in the presence of catalysts 
having proper molecular dimensions. 



Frey and Jones 3 * 7 found that aromatic hydrocarbons, like alkanes, 
can be thermally alkylated with olefins which were prepared in situ by 
dehydrogenating or cracking paraffin hydrocarbons, e g., through the 
action of heat and pressure without added catalyst. Relatively high 
temperatures (400-800°) and high pressures (1000-4000 p.s.i.) were used. 


Alkylation of Phenols 


The alkylphenols have become increasingly important as intermediates 
for the preparation of a wide variety of products, such as detergents, 
dyes, pharmaceuticals, and synthetic resins, and in many cases they can 
be more economically prepared by direct alkylation of phenols with ole¬ 
fins than by other methods. This group of reactions may be represented 
as 


r 2 C=CR 2 + 



Catalyst 


> RjCHCR -0 ° h 


where R « alkyl or hydrogen. 

The catalysts of choice are strong acids, metallic halides of the Friedel- 
Crafts type, and related materials. Substitution in the para position is 
most general, but the ortho isomers may also be formed, and the reaction 
is often complicated by the appearance of polyalkyl derivatives and 
ethers. Dealkylation and polymerization of the olefins may also occur. 
Tertiary olefins usually react most readily, but secondary olefins and 
ethylene can also be used. Because of the reactivity of phenols having 
free para or ortho positions, alkylations of this type may usually be run 
satisfactorily at 1 atm. With ethylene, however, and to a lesser extent 
Frey and Jonw. U. S. pat. 2,373.303. 
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with propene, the use of pressure appears to be advantageous. Pressure 
may also be employed in the alkylation of phenols with the gaseous 
olefins in order to increase the yield of alkylphenol at the expense of 
by-product ethers. 

Ipatieff, Pines, and Schmerling 3,4 have shown that phenol can be 
alkylated with ethylene in the presence of phosphoric acid. With a 
reaction temperature of 225° and a reaction pressure of 750-1425 p.s.i., 
the products were o- and p-ethvlphenols, diethylphenol, “higher ethyl¬ 
ated phenols,” phenetole, and o- and p-ethylphenetole. The use of 
cyclohexane as a reaction medium favored the formation of C-alkyl 
products over ethers. In order to determine the course of the reaction, 
these same investigators reacted phenetole with propene at 145° and 
525 p.s.i. in the presence of the same catalyst. The products were 
propylated plienetoles. When the o-ethyl group was removed from 
these products with hydriodic acid, only ethyl iodide, o- and />-propyl- 
phenols, and more highly propylated phenols were found. This was 
taken as evidence that the intermediate formation of the corresponding 
ether is not a necessary step in the nuclear alkylation of phenols with 
olefins. The reaction may, however, proceed through the ether if a 


phenol has been used . 3 ' 9 

The ethylation of phenol under pressure in the presence of other 
catalysts is claimed in various patents. A typical example is the work of 
Linner , 390 who reacted ethylene with phenol in the presence of aluminum 
chloride, or alternatively ferric chloride or zinc chloride, at G0° under 
autogenous pressure. Carbon tetrachloride was the solvent, and the 
product was stated to be “cthylphenol.” 

The propylation of phenols under pressure was studied in somewhat 
more detail.’ Ipatieff and Pines 391 proposed the use of phosphoric acid 
as a catalyst for the propylation of m-cresol at 120° and 450 p.s.i. 
nressure, both in the presence and absence of solvents. 

P In a study of the preparation of 2 , 4 ,G-trialkylated phenols, useful as 
antioxidants^ StevJand Gruse - alkylated satisfactorily 2 , 4 -d,methyl- 
phenol to 2 , 4 -dimethyl- 6 -isopropylphenol at 900 p.s.i. pressure a 
100° in the presence of sulfuric acid. These investigators pointed out 
that in the monohydroxy trialkylated phenols, alkali solubility d * 
appears when the sum of the carbon atoms in the alkyl groups 


1161 (1038). Nicdcrl „ nd Nat.Uon, ibid.. S3. 272. 1928 (1031); Sow.. 

„r:r seesds?* «<«•>«•««-*• 

I.inner. U. S. pat. 1.8M.990. 

... Ipatieff and JW. U. S ' *'£££. 

Stevens and Gruse. U- S. pa . 
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pying the 2- and 6-positions equals or exceeds four, a fact that lias 
aiso been commented on by Stillson, Sawyer, and Hunt. 1 ” 

H*SO« 

+ CH»C'H=CH* 

100 * 


Schaad 3W modified the phosphoric acid-catalyzed procedure of 
Ipatieff and Pines ( loc . cit.) and used the acid phosphate salts of certain 
alkaline earth metals, such as monocalcium phosphate. With this 
catalyst he obtained satisfactory propylation of phenol at 300° in the 
pressure range 750 -1050 p.s.i. o-Propylphenol and more highly propyl- 
ated compounds were obtained. Schmerling and Ipatieff 394 patented 
the use of a catalyst consisting of isopropyl chloride and alumina or 
silica for the pressure propylation of phenol at temperatures above 150°. 

The alkylation of phenols with the C 4 olefins in general, and with iso¬ 
butylene in particular, has received considerable attention because of 
the importance of the mono- and polybutylphcnols as intermediates. 39 * 
Many methods have been worked out for the preparation of these com¬ 
pounds in the presence of acidic and metal halide catalysts at essentially 
atmospheric pressure; as pointed out earlier these reactions usually 
proceed readily, and the use of pressure is not essential, especially with 
the more reactive phenols such as resorcinol. Nevertheless, certain 
advantages have been claimed for pressure operation. Evans and 
Edlund, 397 for example, reported that with operation under pressure the 
amount of catalyst can be reduced, certain undesirable side reactions, 
such as sulfonation if sulfuric acid is the catalyst, can be eliminated, and 
more highly alkylated products may be produced. 




HYDRATION OF OLEFINS UNDER PRESSURE 

Because of the large quantities of lower olefins available from pe¬ 
troleum refining and other sources at relatively low cost, and the obvious 
usefulness of the corresponding alcohols, the development of methods 

*•* Stillson, Sawyer, and Hunt, J. Am. Chtm. Soc .. 67, 303 (1945). 

,M Schaad, U. S. pat. 2,371.550. 

Schmerling and Ipatieff, U. S. pat. 2,430,190. 
m Those interested in substituted phenols of this type should read U. S. pat. class 
260-624. 

1,7 Evans and Edlund. U- S. pat. 2,051,473. 
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for hydrating olefins to alcohols has received appreciable attention, 398 
and a substantial synthetic alcohol industry is based on hydration 
reactions of this type. The two main processes which have been de¬ 
veloped for the hydration of olefins are: (1) catalytic methods, repre¬ 
sented ideally as 

r 2 C=CR j + H,0 C ‘ ,a>>at > R 2 CHCR ; OH 

R - Blkyl or hydiocrn 


and (2) the so-called absorption-dilution method wherein the olefin is 
absorbed in a suitable esterifying medium, usually sulfuric acid, and the 
corresponding alcohol is produced by hydrolysis, thus 


R*C=CRt + HjSO* — R 2 C—CHR 2 

OSOjH 


n,o 


R 2 CCHR 2 + HtS0 4 

I 

OH 


Although process 2 has been the more important industrially, we 
shall devote most of this brief discussion to process 1 because of the 
greater importance of pressure in this type of operation. Process 1 may 
be further divided into methods by which the olefin and steam are 
contacted in the vapor phase with “dry” contact catalysts and those in 
which an olefin, alone or admixed with steam, is contacted with a 
“liquid” catalyst, such as dilute sulfuric acid. Sometimes it is difficult 
to distinguish clearly between a catalytic process and an absorption- 
dilution process, such as that in which olefins are contacted under pres¬ 
sure with dilute sulfuric acid as a liquid catalyst. 

In this discussion it will be assumed that the process is catalytic if 
water or steam is added continuously with the olefin, in contrast to the 
absorption-dilution process where it is added after the initial reaction of 
the olefin with the esterifying agent. . m 

Ethylene is the most difficult of the lower olefins to hydrate from he 
standpoint of reaction velocity. The reaction rate -creases .a the 
order ethylene < propylene < "-butene < isobutylene. The tendency 
toward polymerization, an undesirable side react.on, increases m 

same order. 

Vapor-Phase Operation 

Although the catalytic addition of a molecule of water to an olefin in 
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which must be considered. From the equilibrium data of Stanley, 
Youell, and Dymock, 3 ” Goldstein 400 calculated that at atmospheric 
pressure and 150° the equilibrium concentration of the alcohols in the 
system olefin-steam-alcohol is only 0.4% for ethanol, 0.2%. for isopropyl 
alcohol and fer/-butyl alcohol, and 0.03% for sec-butyl alcohol. Stanley 
cl al have given the values shown in Table I for the equilibrium con- 


TABLB I 


Equilibrium Constants for Hydration of Lower Olefins 


Olefin 

Ethylene 

Propene 

n-Butencs 

Isobutylene 


Alcohol 
Ethyl 
Isopropyl 
scc-Butyl 
Irrt -Butyl 


Log A' r 

2100/7 - C.195 
1950/7 - C OCO 
1845/7 - 0.395 
Essentially the 
same as for iso¬ 
propyl alcohol 


A//(g. col./mole) 
—9600 
-9000 
-8450 

Essentially the 
same ns for iso¬ 
propyl alcohol 


stants. The equilibrium constants in all cases become less favorable 
with an increase in temperature, the condition most suitable for rapid 
reaction rates. 

Because these reactions take place with a decrease in the number of 
moles of gas in the system, one obvious way to overcome these difficulties 
is to increase the pressure, and, as is pointed out below, virtually all 
methods proposed for the catalytic vapor-phase hydration of olefins 
employ elevated pressures. Unfortunately, however, pressure also 
favors side reactions such as ether formation and polymerization. 401 

In addition to the unfavorable equilibria encountered in these hy¬ 
dration reactions, there is the problem of finding a catalyst sufficiently 
active to cause equilibrium to be attained in a reasonable time. Until 
very recently this has been a major difficulty in the commercial utili¬ 
zation of the vapor-phase hydration method. 401 It is evident, also, that 
with the low conversions per pass (to be expected from the equilibrium 

*** Stanley. Youell, and Dymock. J. Soc. Chem. Ind,, 63, 205T (1934). 

4,0 Goldstein, "The Petroleum Chemicals Industry," E. & F. N. Spon. London (1949), 
p. 131. For other thermodynamic data see: Gilliland. Gunness. and Botvlcs, hid. Eng. 
Chem.. 28. 370 (1936): Francis, ibid.. 20. 283 (1928): Loveless and Wright. J. Roy. Tech. 
CM. {Glasgow), 3, 65 (1933); Sanders and Dodge. Ind. Eng. Chem.. 28, 20$ (1934); Parks 
and Huffman, "The Free Energies of Some Organic Compounds." Chemical Catalog Co., 
Now York (1932), p. 123. 

401 It is understood that at least one company is operating a vapor-phase ethyl alcohol 
plant in tho Unitod States | Chem. Indt.. 61, 787 (1947)J. For information on work in Ger¬ 
many see Kammermeyer and Carpenter. "Alcohols by Hydration of Olefins." P.B. Report 
78.277 (FIAT 968). 

40 * Sec. for example, Robinson. U. S. pat. 2.486.9S0; I. G. Farbonindustrie. Brit. pat. 
36S.868 (C. A.. 27, 2162 (1933)). 
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data) certain unavoidable engineering problems arise pertaining to 
the economical separation of the product and the necessity of using 
either high-purity “feeds” or constant partial bleeding in order to 
prevent the accumulation of “inerts” during the required recycling, and 
adequate provision for high space velocities in order to increase the 
yield per hour. 

A variety of catalysts has been suggested for the vapor-phase hy¬ 
dration of ethylene to ethyl alcohol under pressure.” 8 The majority of 
these are simple or mixed acidic phosphates, 403 which are known to be 
useful as catalysts in the reverse reaction—the dehydration of an alcohol 
to an olefin. Certain metals, 404 alkali metal hydroxides, 405 as well as 
alumina 400 and similar oxides, 404 4 07 and heteropoly acids 408 have also 


been used. 

A typical example of the method of operation may be found in the 
work of Horsley. 40 * Steam and ethylene at 1500 p.s.i. (partial pressure 
of steam 450 p.s.i., of the ethylene 1050 p.s.i.) were passed over a pelleted 
catalyst prepared from cadmium oxide and phosphoric acid at a temper¬ 
ature of 290° with a contact time of 1 minute. The conversion of the 
ethylene to ethanol was 3.36% per pass. A trace of diethyl ether and a 
small amount of oil, resulting from the polymerization of the ethylene, 
were also found. 

In general, the catalysts that are useful in the high-pressure vapor- 
phase hydration of ethylene are also useful in the conversion of propylene 
to isopropyl alcohol. References may be found concerning the use of 
phosphates, usually acidic, 410 - 41 ’ heavy metals and their oxides and 
acidic salts, 4,3 heteropoly acids, 408 and alumina. 413 With propylene the 
conversions per pass over the catalyst are generally higher than with 
ethvlene, other conditions being comparable. 

An example, taken from the work of Eversole and Rehm, 413 illustrates 
typical gas-phase conditions for the hydration of propylene. A mixture 


-See. for example. Horsey. U. S. pat, 1.977.632; 1 977.633; 1 977 6:14; 1.977.636; 
2.015.073; and 2.051.046; Jwhuo, Stanley. «Dd D £"" k ' ” * ^ 879.’and 2 ! 110 . 8 * 0 . 

Brit. pat. 335.551 ( C . A.. 26. 1536 (1931)). 

404 Dreyfus. U. S. pat. 1.986.882. o 2 i (1923) I C . A.. 17. 3868 

" Wibaut and Diekmann. Proc. Acad. Set. AmsUrdam b 
(1923)1; .see. also. Sanders and Dodge. Ind. Eng^C .. 2 4. ^ (1930)1. 

407 Slade and Imperial Chemical Industries. Bnt. pat. ^ 

* 0 * Eversole and Rehm. U. S. pat. 2.162.913. 

— Horsley. U. S. pat. 1.977.632. 

... Horsley. U. S. ^™%.1« ond 2.075.204. 

Josh ““- ? tan, ? > ;- J? w n s pats 2 055.269 and 2.057.283. 

4 '» van Peski and Longeduk. U. S. P®”- 

•» Eversole and Rehm. U. S. pat. 2.292.56 . 
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of a hydrocarbon gas stream containing 70% propylene and steam was 
contacted with an alumina catalyst containing aluminum sulfate at 293° 
and 2500 p.s.i. for a period of 2 hours. With careful attention to the 
ratio of propylene to steam and the amount of “inerts” present, a yield 
of about 10% of isopropanol was obtained. 

Because of the very poor equilibrium constant for the vapor-phase 
hydration of the n-butylenes mm and because they respond satis¬ 
factorily to liquid-phase hydration, relatively little vapor-phase work 
has been carried out on these olefins. McKee and Burke 4,4 suggested 
the use of alumina and other refractory oxides and phosphates for the 
vapor-phase conversion of the butenes in mixed hydrocarbon gases at 
300° to 450° and 300 p.s.i. Joshua el al. 4U found that small yields of 
sec-butyl alcohol can be obtained from the n-butylenes and steam over 
calcium or manganese pyrophosphates at 230-240° and 120-150 p.s.i. 
pressure. Work by Marek and Flegc 4,t with a phosphoric acid catalyst 
in the pressure range of 3000-5000 p.s.i. and at 400-550° indicates that 
the yields of sec-butyl alcohol are low even at these pressures and that 
considerable polybutylenes may be formed. Very little attention has 
been given to the vapor-phase hydration of isobutylene to terl-butanol 
because of the ease of hydration in liquid-phase systems under mild 
conditions and also because the equilibrium constant is not favorable in 
the vapor phase.” 9 Polymerization is definitely a complicating factor 
at temperatures where a satisfactory reaction rate might be expected.” 9 


Liquid-Phase Operation 

In general, catalytic hydration in the liquid phase proceeds at a 
higher rate and gives higher yields than vapor-phase hydration. These 
advantages arc somewhat offset by the need for corrosion-resistant 
equipment and in some cases by more complex operating procedure. 
Pressure is just as beneficial in the hydration of the lower olefins in 
liquid-phase operation as in vapor-phase processes. 417 

Attempts to hydrate ethylene “catalytically” in the liquid phase date 
back to the work of Cotelle, 4 ' 8 who in 1864 patented a method for the 
production of ethanol from ethylene and steam in the presence of hot 

4,4 McKee and Burke, U. S. pat. 1.738.785. 

4,1 Joshua. Stanley, and Dymock, U. S. pats. 2.052.095 and 2.075.204; Brit. pat. 392,685 
|C. A., 27, 5341 (1933)). 

4,4 Marek and Flege, Ind. Eng. Chem.. 24, 1428 (1932). 

7 Swann. Snow, and Keyes, ibid.. 22. 1W8 (1930); Francis, ibid.. 20. 283 (1928): Francis 
and Kleinschmidt, Oil Gas J.. 28. No. 29. 118 (1929); Mover and Glaser. Mitt. Chem.- 
ttdi. Inst. Tech. Hochschule Karlsruhe. No. 1. 1 (1923) [C. A., 18, 1976 (1924)1 

4,4 Cotelle, U. S. pat. 41.685 (1864). 
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12% sulfuric acid at essentially atmospheric pressure. In recent years, 
with ethylene abundantly available from refinery operations, considera¬ 
ble effort has been expended in developing practical liquid-phase cata¬ 
lytic hydration processes that are comparable in efficiency or superior 
to the absorption-dilution process. Most of this work has been car¬ 
ried out with due consideration of the thermodynamics involved, i.e., 
at pressures considerably above atmospheric. 

In liquid-phase catalytic operation dilute solutions of inorganic acids 
or other acidic materials have been the catalysts of choice. 

Solutions of sulfuric acid of various strengths have been investigated 
repeatedly. 419 Although the solubility and reactivity of ethylene in 
dilute sulfuric acid solution increase under pressure, a number of “acti¬ 
vators” for dilute sulfuric acid systems have been proposed. Those 
used, among other materials, are the sulfates of silver, 420,421 calcium, 420 
lead, 420 mercury, 420 copper, 420 and lithium. 421 Other dilute acids that 
have been used include phosphoric, 422 - 423 hydrochloric, 424 and silico- 
tungstic. 424 Many acidic compounds, or compounds which presumably 
increase the solubility of ethylene in water under pressure, have also 
been suggested as hydration catalysts. A partial list of these includes 
boron trifluoridc, 424 silver nitrate, 427 cuprous chloride, 427 mercuric 
chloride, 427 ammonium chloride, 421 zinc sulfate, 429 and aluminum chlo¬ 
ride. 430 

An example taken from the work of Metzger 431 will illustrate one pos¬ 
sible method of catalytic hydration in the liquid phase. Ethylene and 
steam in the volume ratio 2/1 were passed into 40-15% sulfuric acid at 
250° and 000 p.s.i. at a fairly high space velocity. The conversion to 
ethyl alcohol was about 10%, and little diethyl ether was formed. How¬ 
ever, when the pressure was increased, the conversion was increased. 
There was usually also an augmented tendency toward the formation ot 


Gunnels, and Bowles. /■* A* CW. 28. 370 (1936). 

Dreyfus. U. S. pat. 2.045.842. 

: JK-1; X:!: £ ?S£—•— 

*» Evcrsolc and Relim. U. S. pat. 2.1G2.9I3. 

303,0, (C. .30 0.30,1. 

Larson. U. S. pat. 2.014.740. 

Bent and Millar. U. S. pat. 2.010.6SG. 

*» Lewis. U. S. pat. 2.130.6G9. 

«. Metzger. U. 8. pat. 2.050.442 (reissue 20.50o). 
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diethyl ether at the expense of alcohol. Robinson 433 has taken advantage 
of this fact in developing a two-stage process. A hydrocarbon gas st ream 
rich in ethylene was mixed with a stoichiometric excess of steam and 
treated with 20% sulfuric acid at 2500 p.s.i. and 235°. The conversion 
of ethylene to ethyl alcohol and diethyl ether was 25% per pass. The 
diethyl ether was then catalytically hydrated over alumina to provide 
additional alcohol. 

Many of the catalysts which have been used for the catalytic hy¬ 
dration of ethylene in the liquid phase have also been used for the 
production of isopropanol from propene; the reaction conditions are 
similar. Bent , 433 for example, obtained a 16.0% conversion of propene 
to isopropyl alcohol by contacting it with 8 % MgS 0 1 - 7 H 20 solution 
under a pressure of 3000 p.s.i. and at a temperature of 286° with addition 
of water to the catalyst solution. He obtained a conversion of 12.2% 
over II 0 SO 4 —ZnS0 4 solution under the same conditions. Metzger 434 
described a process in which propene and steam were passed through 
3.5-5.0% H-iSOj at 1000 p.s.i. and 210-225°. The propene was con¬ 
verted to isopropyl alcohol to the extent of 10-13% and to isopropyl 
ether to the extent of 3-4%. 

The difficulties inherent in the catalytic liquid-phase hydration of 
propene—low conversions and low reaction rate even under elevated 
pressures—have been emphasized by Swann et who studied the 
catalytic effect of dilute halogen acids and dilute silver nitrate solution 
at 125-200° and 000-800 p.s.i. 

Although studies on the liquid-phase conversion of the n-butenes to 
2 -butanol arc not extensive, some suggestions for practical operating 
conditions have been made. Bent and Wik 435 used 10% aqueous 
solutions of the acid sludge and other salts of nitrogenous bases from 
petroleum refinery operations as catalysts at 3000 p.s.i. and 28G° and 
obtained 40% of the theoretical equilibrium yield (which, of course, is 
not high 3 ® 9 - 400 ), and Lewis 434 used 3% hydrochloric acid at 147° and 
2250 p.s.i. As pointed out by Marek and Flege , 414 the equilibrium 
constant is not very favorable in these systems, and polymerization of 
the olefin may become a serious side reaction. 

Isobutene hydrates more easily than the other lower olefins, but with 
dilute acid catalysts under mild reaction conditions the reaction is 
usually slow. When attempts are made to speed up the reaction, 
care must be taken to prevent undue losses through polymerization. 

,n Robinson. U. S. pat. 2.486.9S0. 

40 Bent. U. S. pats. 2.107,515 and 2.144.750; Bent. Millar, and Wik. U. S. pat. 2.228.027. 

04 MctiRer. U. S. pat. 2.050.444 (reissue 20,738). 

** Bent and Wik. U. S. pat. 2.036.317. 

4,4 Lewis, U. S. pat. 2,141,275. 
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Francis 437 used 5% sulfuric acid at 100° and 250 p.s.i. and reported 
good conversions to ferf-butyl alcohol. Coleman and Moore 43S have 
taken advantage of the greater reactivity of isobutene to prepare tert- 
butyl alcohol from mixtures of the lower olefins by contact with very 
dilute sulfuric acid at 100°, and Kreps and Nachod 439 prepared /erf-butyl 
alcohol by contacting isobutene and water with an ion-exchange 
catalyst which contained the sulfonic acid group and other active groups, 
at 180-300° and 200-100 p.s.i. They report conversions as high as 60%. 


REACTIONS OF ACETYLENE UNDER PRESSURE 


Thermal Decomposition of Acetylene 


Acetylene, HC«CH, is an energy-rich, highly reactive hydrocarbon 
which will undergo a variety of interesting reactions and which provides 
a versatile starting material for the synthesis of many families of organic 
compounds. Until recently the major portion of research on acetylene 
and the technical applications arising therefrom were based on reac¬ 
tions which could be conducted at essentially atmospheric pressure be¬ 
cause of the well-known hazards of working with compressed acety¬ 
lene. A substantial and important acetylene industry has been built on 
reactions of this type, e.g., the preparation of acetaldehyde, acrylonitrile, 
vinyl acetate, vinyl chloride, and vinylacetylcne. This phase of acety¬ 
lene chemistry is well known and has been reviewed and discussed in a 
number of standard works. 441 ^ 443 It is not, therefore, the purpose of this 
section to review again this chemistry but rather to discuss briefly some 
of the developments of more recent years in which the use of acetylene 
under pressure has proved to be advantageous in certain standard 
reactions or has resulted in new types of products. 

Because of the hazards involved, the chemistry of acetylene under 
pressure was late in being explored, but now that it has been shown that 
acetylene can be handled safely at pressures considerably above 1 atm. 
and that this is a fruitful field for new investigations, substantial future 
progress in this field may be expected. 


Reinhold Publishing Corp.. 


Francis. U. S. pat. 2.118.881. 

*» Coleman and Moore. U. S. pat. 2.070.258. 

*** Kreps and Nachod. U. S. pat. 2.4i / .380. 

«o Nicuwlond and Vogt. "The Chemistry of Acetylene. 

N « Chemistry of Acetylene nnd Hel.ted Compound,." ..b- 

l-ry of Petroleum Derivotiv^" V*.- ■>. Comic, CUlot, 

.. 

York (1946). 
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Present knowledge of the chemistry of acetylene under pressure stems 
largely from the work of Reppe and his associates at I. <1. Farl.cn- 
industrie in Germany, who, in 1925, undertook a study of the behavior 
and reactions of compressed acetylene. In their laboratories from 
that time until about 1945 was laid the foundation of our present 
knowledge in this field.** 4 

It has been pointed out that the term “pressure" is relative. With 
acetylene-containing systems, 750 p.s.i. total pressure is considered a 
high pressure. Actually, few of the reactions of acetylene carried out 
on an industrial scale are run at more than 450 p.s.i. total pressure. 
Very often pressures in the range 75-225 p.s.i. suffice. Although these 
pressures are quite low in comparison with those employed in such fields 
as high-pressure ethylene chemistry, such operation does extend the 
usefulness and the versatility of acetylene as a starting material and at 
the same time necessitates special precautions in operation. 

Thermodynamically, acetylene is unstable at ordinary temperatures 
with respect to carbon and hydrogen, and, when decomposed to these 
elements at 18°, it liberates 53,000 cal. per gram mole. Since only one 
mole of gas results from this decomposition, the volume would not 
increase significantly in an isothermal process. The tremendous pressure 
increases normally associated with acetylene decompositions must be 
due, therefore, entirely to an increase in temperature. If it is assumed 
that there is no loss of heat, the decomposition of one mole of acetylene 
at room temperature should cause its temperature to rise to about 3100°, 
and this would result in a pressure of alxnit 12 times the initial value. 
This value checks well with the experimental results that have been 
obtained in thermal decomposition of acetylene, but unfortunately in 
many cases this decomposition proceeds so rapidly that uniform transfer 
of heat through the entire system becomes impossible, very high local 
temperatures result, and a detonation occurs. I'nder these detonation 
conditions instantaneous pressure rises of as much as 20 times that 
calculated for straight thermal decomposition, or final pressures over 
200 times the initial pressure, have been reported. Equipment generally 
cannot be designed to accommodate such rapid pressure increases and 

*** For general information on the chemistry of acetylene under procure and on other 
interesting developments in the acetylene field see. for example, the following: (a) Chcm. 
Eng. News, 23. 1841 (1945). (6) Bigelow, ibid.. 25, 103S (1947). (c) Copenhavcr and 
Bigelow, ’‘Acetylene and Carbon Monoxide Chemistry." Reinhold Publishing Corp.. New 
York (1949). (d) Gibollo. Plaslujues. 2, 139 (1944) R7. A.. 40. 3G41 (194G)|. (e) Greene. 
Chem. A Met. Eng.. 53, No. 7. 123 (1946). (/) Hasche. ibid.. 52. No. 10. 11G (1945). 
Of) Jones. Chemistry A Industry. 62. GG (1943). (5) Kline. Modern Plasties. 23. No. 2. 152A 
0945). (0 Kuhn el at.. Chem. Eng. .Vci r». 23. 1516 (1045). (j) Monrad. Chcm. A Mel. 
Eng., 53. No. 7. 120 (1946). (*) Reppe. Modem Plastics, 23, No. 3. 162 (1945); Kline, ibid., 
23, No. 6. 169 (1946). 
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local hot spots, and rupture of the apparatus ordinarily occurs. The 
principal problem, therefore, in handling acetylene under pressure is to 
provide safeguards to prevent instantaneous detonation, or in other 
words, to limit any pressure increases to a value not exceeding 12 times 
that of the initial pressure. 



Fig. 1. 


Two quite simple general methods have been successful in controlling 
the decomposition of acetylene so that the pressures do not exceed this 
value- (1) dilution of the acetylene with some non-detonating gas, such 
as nitrogen, carbon dioxide, or a gaseous organic compound; and W 
avoidance of large free spaces in the system by filling all such voids 
with a suitable packing material, such as steel tubes or Rasch.g nngs. 
• rhc underlying principle of both these methods is to provide ample 
material for absorption of heat should decomposition occur, thus pro- 
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venting the temperature from rising to the detonation point. Each of 
these methods has its particular use, depending on the reaction involved. 

Figure 1 summarizes some information concerning the effect of con¬ 
centration of acetylene on the decomposition limits when nitrogen is used 
as a diluent at various temperatures. The area above the line indicates 



conditions that are considered unsafe; the area below the line indicates 
the acceptable range. Figure 2 shows a similar plot for some common 
gases that have been used as diluents in reactions of acetylene under 
pressure. It should be noted that the efficiency of the gas for preventing 
detonation varies roughly with the molal heat capacity. If an organic 
liquid is being treated with acetylene, or being used as a solvent for such 
a reaction, and if it has sufficient vapor pressure at the operating temper¬ 
ature, no other diluent may be necessary. 
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Typical results of studies of the detonation of various mixtures of 
acetylene with organic vapors are presented in Table II. An inspection 


TABLE II 




Other Component 

Temper¬ 

Pressure, 


Composition " 

Present in Liquid 

ature, 

p.s.i. 

Explo¬ 

r ; c*h* 

% N. 

and Gas Phase 

•c. 

Absolute 

sion 

70 

30 

Cyclohexane 

151 

235 

yes 

67 

33 

Cyclohexane 

165 

285 

no 

.50 

50 

Cyclohexane 

98 

205 

yes 

38 

62 

Cyclohexane 

98 

205 

no 

50 

50 

Cyclohexane 

151 

260 

no 

100 

0 

Methanol 

120 

205 

no 

100 

0 

Methanol 

120 

215 

yes 

71 

20 

Methanol 

120 

215 

no 

67 

33 

Butanol 

120 

135 

no 

100 

0 

Isobutanol 

120 

85 

yes 

100 

0 

Vinyl isopropyl 

120 

245 

no 


ether 


• Neglecting vapor procure of organic liquids. 

of this table indicates that, as the partial pressure of the reactant or 
solvent is increased by raising the temperuture, the pressure at which 
explosion will occur is increased. This method of preventing acetylene 
detonation is often preferred in batch operation where a volatile organic 
liquid is present, such as in the vinylation of alcohols where a homo¬ 
geneous catalyst is employed; but for certain reactions involving the use 
of a heterogeneous catalyst, or where relatively non-volatile reactants 
are present, acetylene must either be diluted by a suitable inert material 
or extreme care must be taken to fill all void spaces with heat-absorbent 
materials. 

In extensive research carried out in Germany on the detonation of 
acetylene in various types of equipment, it was concluded that pure 
acetylene can be handled safely at pressures up to 225 p.s.i. if pipes 
having a diameter of not greater than > n - art * use< * or ^ larger pipes 
are filled with bundles of small tubes and if the free space in the reactor, 
and elsewhere, is filled with suitable packing materials. Under these 
conditions no detonations have occurred. Thermal decomposition did 
occur occasionally, but it was always arrested before the detonation 
point was reached. In other words, pressure rises of the order ol w 
times the working pressure were expected and were observed. 

Before undertaking any research on acetylene reactions under pres- 
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sure, the investigator should acquaint himself in detail with the published 
recommendations for working safely in this field.^ 445-447 


Polymerization of Acetylene 


Acetylene has been polymerized to form higher hydrocarbons at at¬ 
mospheric pressure in a variety of ways, such as by heating it to high 
temperatures in the presence of various catalysts, with or without added 
diluents, and by exposing it to the action of a-particles, slow electrons, 
x-rays, visible light, ultraviolet radiations, high-frequency electro¬ 
magnetic fields, and high-frequency discharge. The products obtained 
include benzene, naphthalene, anthracene, styrene and many other 
aromatics, saturated and unsaturated aliphatic hydrocarbons, as well as 
complex compounds of uncertain constitution such as cupronc. 4,s 
Nieuwland el at.** 9 showed that vinylacetylene, divinylacctylene, and 
higher polymerization products were formed when acetylene was passed 
into an aqueous solution of cuprous chloride and ammonium chloride. 

Reppe and his associates found that acetylene polymerizes under 
pressure with a catalyst to cyclooctatetraene and higher condensation 


products. 4 * 0-4 ” 


4HC^CH 


N.(CN), 



H H 


c—c 




HC 

CH 

1 

1 

HC 

CH 

\ 



C—C 

H H 


*** Seo, for example, Copeland and Youker. "German Techniques for Handling Acetylene 
under Procure,” U. S. Dept, of Commerce. O.T.S., P.B. Report 20,078 (Apr. 19. 1940) 
(FIAT 720 (Jan. 28. 1946)]. 

*“ Hanford and Fuller. Ind. Eng. Chtm.. 40. 1171 (1948). 

Jones tt at.. U. S. Bur. of Mines, R.I. 3809 (1945); R.I. 3826 (1945); R.I. 4190 (1948). 
Sec. also, other Bureuu of Mines references cited in these three publications. 

m Good reviews of the polyinorization of acetylene are contained in Nieuwland and 
Vogt, "The Chemistry of Acetylene," Reinhold Publishing Corp.. New York (1945), 
Chapter V, and in Ellis. "The Chemistry of Petroleum Derivatives." Reinliold Publishing 
Corp., New York (1937), Vol. II. 

**• See, for example, Nieuwland. Caleott. Downing, and Carter. J. Am. Chcm. Soc.. 53. 
4197 (1931). 

oa Smith. "German Synthetic Fiber Developments." Textile Research Institute. Now 
York (1946), p. 626. 

Kammermeyer. "Polymerization of Acetylene to Cyclooctatetraene." U. S. Dept, of 
Commerce. O.T.S.. P.B. Report 62.593 (October. 1946) (FIAT 967) \Bxbtioo. Sci. A Ind. 
Reports, 5765 (1947)|. 

*“ Copeland and Youker, "German Techniques for Handling Acetylene in Chomical 
Operations.” U. S. Dept, of Commerce. P.B. Report 20.078 (July 26. 1946) (FIAT 720 
(Jan. 28. 1946)). 
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Suitable conditions for carrying out this polymerization have been de¬ 
scribed. Well-dried tetrahvdrofuran is placed in a steel autoclave along 
with a small amount of rather finely powdered calcium carbide, which is 
added to help maintain an anhydrous system at all times. To this 
solvent is then added nickel cyanide prepared from nickel chloride and 
hydrogen cyanide. 441 * 4 * The autoclave is then closed and evacuated to 
remove the air, which is replaced with nitrogen until the oxygen content 
is considerably below 1%. Sufficient nitrogen is left in the autoclave so 
that at G0-80° and 225-375 p.s.i. pressure the reaction mixture will 
contain 2 parts of acetylene to 1 part of nitrogen. The acetylene slowly 
polymerizes under these conditions, and the reaction is allowed to 
continue for 20 to 60 hours, at which time absorption of acetylene will 
have ceased. After cooling and reducing the pressure, the reaction 
mixture is distilled and found to consist of a mixture of cyclooctatetraene, 
benzene, cuprene, and other higher polymers of acetylene such as vinyl- 
cycloootatetracne and 1-phenvl-l,3-butadiene. If the reaction is run 
at higher temperatures, namely 110° to 130°, the yield of cyclooctatct- 
raene is decreased, and larger amounts of higher cyclic polymers are 
formed. The products resulting from this reaction arc sometimes blue, 
because of the presence of azulene. Rcppe believes that a nickel carbon¬ 
ate catalyst favors the formation of higher cyclic polymers at the expense 
of cyclooctatetraene. Copper powder is reported to be catalytic in tetra- 
hydrofuran and favors the formation of C| 0 and Ci 2 hydrocarbons. 441 * 4 * 

Cyclooctatetraene was first synthesized by Willstatter 441 by his 
classical method from pseudopelletierine and is a golden-yellow liquid 
boiling at 142-143° at 760 mm. The discovery of this direct polymeri¬ 
zation process has stimulated a study of the structure of cyclooctatetra¬ 
ene and many of the unusual reactions that this material undergoes. 
The chemistry of cyclooctatetraene has been reviewed in several hooks 
and will not be discussed here. 

Acetylene will also react with carbon monoxide according to the 


following equation. 


2C 2 H 2 + 3CO + H?0 



No details have been published, but this reaction is reported to proceed 
at atmospheric pressure. 

m Willstatter and Wascr. Der.. 44. 3423 (1911); Will»tMter and Heidelberger. Ber., 46. 
617 (1913). 
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Reactions of Acetylene with Active-Hydrogen Compounds 

Alcohols. Alcohols can be added across the triple bond of acetylene 
to give either vinyl ethers or acetals, depending on whether one or two 
moles of alcohol are involved in the reaction: 

ROH + HC^CH CaUly> - > ROCH=CH 2 
ROCH=CH, + ROH C * <dy ‘ -» (ROhCHCIlj 

Catalysts that promote the addition of alcohols to acetylene af 
atmospheric pressure arc usually acidic, examples being combinations 
of mercuric salts with inorganic acids 414 - 440 or with boron trifluoride- 
alcohol complexes. 441 - 4 * 2 With catalysts of this type, acetals arc almost 
invariably formed because the addition of the second inole of alcohol to 
the vinyl ether is faster than the addition of the first mole of alcohol to 
the acetylene. Although certain patents contain statements to the 
effect that vinyl ethers can be prepared by the addition of one mole of 
alcohol to acetylene in the presence of an acidic catalyst, 4M-44S this type 
of operation docs not provide a practical synthesis for vinyl ethers since 
the greater part of the product in ever>' case is an acetal. The problem 
is, therefore, to find a suitable catalyst for the formation primarily of 
vinyl ethers. 

While studying the reaction of vinyl chloride with sodium ethoxidc 
under pressure to produce ethyl vinyl ether, Reppe observed that small 
amounts of acetylene were formed as a by-product and that this acety¬ 
lene slowly disappeared when the reaction mixture was kept in an 
autoclave at 100-125°. This observation led Reppe to a study of the 
possibility of combining acetylene and alcohols in the presence of an 
alkaline catalyst. 

"Chem. Fabrik Griesheira-Elektron. Ger. pat. 271.381 (C. A., 9, 350 (1915)1; Fr. pat. 
401.223 (C. A., 8 . 3220 (1914)1; Brit. pat. 14.240 [C. A., 9. 149 (1915)1. 

*“ Klattc, U. S. pat. 1,084.581. 

Boitcau. Brit. pats. 15.800 and 15,919 [C. A., 10 . 93 (1910)1. 

4,7 Roichert, Bailey, and Nieuwland. J. Am. Chem. Soc.. 40, 1552 (1923). 

Hill and Hibbert. ibid., 45, 3108 (1923). 

“•Tomaru and Tanaka. J. Chem. Soc. Japan, 56. 480 (1935) (C. A., 29. 4733 (1935)1. 

Contardi and Ciocca, Riccrca $ci.. (2|. 7, II. 610 (1930) [Chem. Zenlr., I. 3872 (1937); 
C. A.. 32. 9039 (1938)). 

4M Hinton and Nieuwland. J. Am. Chem. Soc.. 52, 2892 (1930). 

40 Nieuwland, Vogt, and Foohey, ibid., 62. 1018 (1930). 

4B Plauson, U. S. pat. 1.436.288. 

04 Consortium (Or Elcktrocheinische Industrie Ges.. Brit. pat. 231.841 [C. A., 19, 3491 
(1925)). 

4B Mitchell and Imperial Chemical Industries. Brit. pat. 428.080 JC. A., 29, 0608 (1935)J. 
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Acetylene will react with alcohols under pressure and in the presence 
of alkaline catalysts to give vinyl ethers.* 66 - 467 For this reaction po¬ 
tassium hydroxide or potassium ethoxide gives better results than the 
other alkalies. 463 The following are the general reaction conditions re¬ 
quired for the vinylation of alcohols from methyl to octadecyl. One to 
five per cent of potassium hydroxide is added to the anhydrous alcohol 
in an autoclave, heated to 160-185°, and the mixture treated with 1 
part of acetylene and 2 parts of nitrogen at a total pressure of 100-500 
p.s.i. gauge. Under these conditions the acetylene is absorbed rapidly, 
and the drop in pressure is made up by the addition of more acetylene. 
For laboratory work, the acetylene may be taken directly from a cylin¬ 
der at 250 lb. pressure without purification. The reaction proceeds 
smoothly; the gas in the autoclave is checked occasionally to see that 
the reaction mixture does not contain more than 33% of acetylene at 
any time during the experiment. When the reaction has ceased, the 
autoclave is cooled, the acetylene and nitrogen are vented, and the prod¬ 
uct is isolated by distillation. Under the conditions outlined, the yield 
based on the alcohol charged is 80-95% with all the primary alcohols 
from methyl to octadecyl. 

With alcohols of low molecular weight, such as methanol and ethanol, 
vinylation is advantageously accomplished in a continuous operation, 
because of the high vapor pressures of these alcohols at the reaction 
temperature of I65-185 0 . 46 * With these alcohols, as can be seen from 
Table II, it is possible to replace a large part, if not all, of the nitrogen 
with alcohol vapor. With no nitrogen care must be exercised not to 
condense out the alcohol at any point in the system and thus allow the 
acetylene concentration to increase. With secondary alcohols, such as 
isopropyl or scc-butvl, vinylation occurs, but the yields are lower. The 
reaction does not proceed nearly as well with tertiary alcohols, such as 
/erf-butyl alcohol. Alcohols boiling above 180" can be vinylatcd at 
atmospheric pressure. 470 Polyhydroxy compounds, including such com¬ 
pounds as ethylene glycol, 1,3- and 1,4-butanediol, glycerol, sorbitol, 
pentaerythritol, 467 and sugar derivatives, 471 can be vinylatcd under pres¬ 
sure in the presence of alkaline catalysts to a variety of interesting com- 


Reppe. U. S. pot. 1.059.927. 

Reppe and Wolff. U. S. pot. 2.066.076. 
m Hanford ond Fuller. Ind. Eng. Chem., 40, 1171 (1948). 

«* Kline. Modern Plaalict. 24, No. 5. 159 (1947). 

«:o Reppe. "Advances in Acetylene Chemistry at I. G. Ludwigshofcn. 
Commerce. O.T.S., P.B. Report 13.366 (May 24. 1946). 

471 Reppe and Hccht. U. S. pat. 2.157.347. 


U. S. Dept, of 
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pounds. With ethylene glycol, for example, the following three prod¬ 

ucts may be prepared, depending upon the conditions employed. 

HOCH 2 CH 2 OH -I- HC=(*H — 

C'Hj—Ov CHjOCH=CH ; 

HOCH 5 CH 5 OCH=CH 2 + I V'HCH, + I 

CHj— (r CHjOCH=CH 8 

This is in contrast to the mercuric salt-acid catalyzed system in which 
2-methyldioxolane is usually the exclusive product. 

The only side reaction that occurs to any appreciable extent in this 
vinylation reaction is the conversion of the alcohol to the potassium salt 
of the corresponding fatty acid and hydrogen. 461 This might be expected, 
for it is well known that, when potassium butoxide is heated to a temper¬ 
ature of about 185°, potassium butyrate is formed. The control of this 
side reaction is important in the successful commercial operation of the 
process because, as the catalyst is consumed, the rate of reaction de¬ 
creases, and also because the accumulation of hydrogen in the inert gas 
makes it more difficult to utilize the acetylene completely in a continuous 
flow system. 

The vinylation of alcohol has also been studied in the vapor phase 
using potassium hydroxide on calcium oxide as u contact catalyst. The 
life of this catalyst is short. The very difficult problem of removing the 
heat of reaction makes this less attractive than the liquid system. 

The vinyl ethers are colorless liquids or solids. 475 They can be utilized 
for the preparation of a wide variety of organic chemicals and polymers. 
They may be polymerized at low temperatures with acid catalysts such 
as boron trifluoride, or interpolymerized with a variety of unsaturated 
compounds by means of peroxygenated catalysts such as benzoyl 
peroxide. The double bond in the vinyl ethers is extremely reactive 
and undergoes all the characteristic reactions of a carbon-carbon double 
bond. 

Phenols. The course of the reactions of acetylene with phenol and 
related aromatic hydroxy compounds depends to a great extent on the 
catalyst employed. Phenol and 0-naphthol are vinylated under essen¬ 
tially the same conditions given for an alcohol, namely at a temper¬ 
ature of 180 200° and 100-500 p.s.i. acetylene-nitrogen pressure in the 
presence of sodium phenoxide or potassium hydroxide, to give an 80- 
90% yield of the corresponding ether. In this reaction it is possible to 
use methanol or ethanol as the reaction medium because the reaction is 

471 Schildknecht, Zoss. and McKinley, Ind. Bni. CUm.. 39, 180 (1947). 
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with the anion, and phenol is a much stronger acid than the alcohol. 
This reaction is shown by the following equation. 473 



+ HC*CII 



However, when phenols are treated with an acetylene-nitrogen mixture 
in the absence of a solvent and in the presence of 1-20% by weight of a 
zinc or cadmium salt at 150 p.s.i. pressure and temperatures of 120- 
220°, highly condensed resinous products result. 474 Thus, when p-tert- 
butylphenol is treated under these conditions employing zinc naphthe- 
nate as catalyst a resinous product is obtained. Two structures have 



been proposed for this resinous product. The first formula, which is 
analogous to that of polystyrene, is preferred by Reppc. 470 The second 
formula, preferred by Hanford and Fuller, is analogous to that of a 
polymer of the phenol-formaldehyde type. 4 " For arguments in support 
of each of these formulas the reader is referred to the original literature. 

Acids. The fatty acids of low molecular weight, such as formic, acetic, 
propionic, and butyric, react with acetylene over cop|x*r and zinc salts 

*'> Reppe. U. S. put. 1.909.927. 

Reppc and Keyssner, U. S. pat. 2.072.S2->. 


REACTIONS OF ORGANIC GASES UNDER PRESSURE 1091 

of the acids at atmospheric pressure to give high yields of vinyl esters. 470 
Inorganic acids, such as hydrochloric, hydrobromic, and hydrofluoric, 
also add to acetylene at atmospheric pressure to give high yields of the 
vinyl halides. With the acids of higher molecular weight, such as 
linoleic, oleic, and stearic, the vinylation reaction is very slow at atmos¬ 
pheric pressure, and an increase in the pressure is necessary in order to 
obtain a reasonable reaction rate. 47 * For this reaction either the potas¬ 
sium or zinc salt of the acid to l»e vinylatod serves as a good catalyst. 4 '* 
The best yields are obtained when the system is anhydrous. As an 
example, vinyl stearate is readily obtained from a reaction mixture of 
5% zinc stearate and 95% stearic acid heated in an autoclave at 105° 
with dilute acetylene at a total of 200 p.s.i. pressure. The vinyl stearate 
can be isolated from this reaction mixture by distillation. The same 
general reaction conditions have been employed for the synthesis of 
vinyl oleatc, vinyl laurate, and the vinyl ester of tall oil. The higher 
vinyl esters show, in general, the same characteristics as the vinyl 
esters of low molecular weight, but they are more difficult to j>olymcrize 
to soluble polymers. Some of the highly unsaturated vinyl esters have 
been studied us possible modifying components for drying oils, without 
much success. 

Nitrogen Compounds. The nature of the product obtained by the 
reaction of acetylene with nitrogen compounds depends to a very large 
extent on the acidity of the nitrogen atom. The simplest products arc 
obtained with the more acidic nitrogen derivatives. For example, 
carbazolc is readily vinylated to vinylcarbazolc in the presence of 
potassium hydroxide as the catalyst. 477 This reaction is easily accom¬ 
plished by suspending carbazole in cyclohexane with potassium hy¬ 
droxide and zinc oxide as catalysts and heating the reaction mixture 
under acetylene pressure at 180°. The pressure employed for this 
reaction is about 200 lb. gauge, and for safe operation 2 parts of acetylene 
are mixed with 1 part of nitrogen. The vinylation is quite rapid, but 
the duration of the reaction depends to a large extent upon the degree of 
agitation. When acetylene is no longer absorbed, the reaction mixture 
is cooled and the product purified by distillation or crystallization. 
The yield is usually about 85%. Diphenylaminc is also vinylated 
under the same conditions, but the yield is low, and the product is not 
nearly as stable as vinylcarbazole. Vinylcarbazolc can be polymerized 
to a poly vinylcarbazole having interesting electrical properties and a 
high distortion temperature. 

Nieuwlond and Vogt. "The Chemistry of Acetylene." Rcinl.old Publishing Corn., 
Now York (1945), pp. 129-134. 

4,4 Roppo. U. S. pat. 2.066.075. 

*’' Ropp« and Keyssncr. U. S. pat. 2.066.150. 
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Among the nitrogen compounds of high acidity which vinylate 
readily are the imides. Succinimide is easily vinylated to vinylsuccin- 
imide in the presence of a zinc compound as a catalyst, 478 The reaction 
temperature and pressures are about the same as those required for 
vinylcarbazole. Yinylsuccinimide has been polymerized and is of in¬ 
terest because on hydrolysis it yields a polyvinylamine. Pyrrolidone, 
related to succinimide by the replacement of one carbonyl group with a 
OH 2 group, also vinvlates readily in the presence of the potassium salt 
of pyrrolidone to yield the vinyl derivative. 479 The reaction conditions 
are the same as those discussed previously, the only difference being 
that the potassium salt of the pyrrolidone must first be made, and to 
obtain good yields the system must be anhydrous. Yinylpyrrolidone is 
purified by distillation and boils at 95° at 14 mm. It is an interesting 
material because it polymerizes and thus forms a product which yields 
a very viscous solution when dissolved in water. Polyvinylpyrrolidone 
has been used in Europe as a synthetic blood plasma. 4 ' 0 

Aniline reacts with acetylene under pressure to give a complex series 
of products. The products are dark in color and difficult to obtain in 
high purity. The strongly basic aliphatic tertiary amines, such as 
trimethylamine, react with acetylene in the presence of water to form 
the corresponding trialkylvinyl ammonium hydroxide . 4 * 1 No catalyst 
is required for this reaction. 

The mechanism of the vinylation reaction has not been studied in 
detail, but the fact that the reaction proceeds better in anhydrous 
systems seems to indicate the importance of the alcoholate in the reaction 
system. 

Hanford and Fuller 488 have suggested an ionic mechanism for this 
reaction. 

KOH + ROH 5=5 ROK + HOII 
ROK 5=5 OR- + K + 

11 

- I 

HCkfcCH + OR- 5=5 HC=C—OR 

H 

H C=C—OR + ROH CH,=CHOR + OR" 


Wolff. V. S. pal. 2,037.079. 

-SZMtawirSSli?- Saucrltior, U. S. pal. 2.3.7.304. 
« SSrfSrtX Rosa, and Wooden. /. Cfc-. *r.. 739 0949,. 
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Sulfur Compounds. The only sulfur compounds whose reactions with 
acetylene under pressure have been studied are the mercaptans. 470 - 4 ** 4,J 
These add readily to acetylene to give vinyl sulfides under essentially the 
same conditions that have been descril»ed for the alcohols, phenols, and 
the acidic amines. The sulfide linkage in vinyl thioethers can be oxidized 
selectively to the sulfoxide and sulfone without affecting the vinyl 
group. Otherwise, they exhibit the same reactions as the oxygen and 
nitrogen compounds. 

Ethynylation 

In addition to its unsaturated characteristics, acetylene also possesses 
active hydrogen atoms which add to unsaturated systems, as in the 
addition of acetylene to carbonyl systems to give acetylenic earbinols. 
This reaction is called ethvnyIation. 4M Sodium acctylide and the 
Grignard derivatives of acetylene will react with carbonyl groups to 
form acetylenic alcohols. Nieuwland el al . m found that both the triple 
bond and the hydrogens of acetylene could be activated by an aqueous 
mixture of potassium chloride, ammonium chloride, cuprous chloride, 
and hydrochloric acid to form monovinylacetylene and higher poly¬ 
mers. Rcppe and Keyssner 4,4 found a copper salt that will catalyze 
the addition of acetylene to several types of unsaturated systems, 
especially aldehydes and aldehyde derivat ives. This catalyst is cuprous 
acctylide. Because of its industrial possibilities, the most widely 
studied of the ethynylation reactions is the reaction between acetylene 
and formaldehyde. 470 - 4ti - 4,7 

HC-»CCH,OH 

HOsCH + CHjO -► + 

MOCHjC-^CCHjOH 


Whether 2-propyn-l-ol or 2-butyne-l,4-diol is obtained depends on the 
reaction conditions. The catalyst for the 2-butyne-l,4-diol is prepared 
by impregnating silica gel with copper nitrate and bismuth nitrate and 
heating to 500° to convert the nitrates into a mixed oxide. 4 * 7 At this 


* H Roppo and Nicolai. U. S. pot. 2.081.76G. 

4 “ Roppe. Ufer. and Kuohn. U. S. pat. 2.125.049. 

Wcismann, Brit. pats. 580,921 and 580.922 (C . A., 41 . 2429. 2000 <1947)1; Zcltner 
and Genas. U. S. pat. 2.345,170; Smith. U. S. pats. 2.385.540; 2.385.547; and 2 385 548 
Bergmann. •'The Chemistry of Acetylene and Related Compounds." Interscience Puli-’ 
lishcrs, New York (1948), p. 49. 

*“ Nieuwland, Cnlcott. Downing, and Carter. J. Am. Chem. Soc., 63. 4197 (1931) 

Rcppe and Keyssner. U. S. pat. 2.232.8G7. 

447 Puller Zoss. and Weir. "Manufacture of Butynodiol (and Certain Related Materials) 
(WAT 92®) * ' yd ''" U S - Dop ' of Con,me,,-.. O.T.S. P.B. Report «0,3« 
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step the catalyst contains about 12% copper and 3% bismuth. The 
catalyst is packed into a tower. Formaldehyde solution and acetylene 
at 75-90 p.s.i. are passed through the tower to activate the catalyst and 
convert it into a copper acetyl ide-formaldehyde-water addition complex. 
A 15% formaldehyde solution and pure acetylene are pumped over this 
catalyst at a temperature of 100-120°. It is important to keep the 
temperature below 140°. This control can be accomplished by evapo¬ 
rating some of the water or by using reactors of small diameter. The 
products of the reaction are 2-propyn-l-ol and 2-butyne-l,4-diol. To 
obtain a satisfactory yield of the 2-butyne-l,4-diol based on the form¬ 
aldehyde it is necessary to recycle. 466 The reaction mixture is then 
filtered to remove any copper acetylide that may have come into the 
reaction product, and the reaction product is separated by distillation. 

This reaction is normally carried out with pure acetylene, and in order 
to eliminate the possibilities of explosion all the free reaction space not 
packed with catalyst is filled with some inert material, such as bundles 
of tubes or Raschig rings. It is imperative in studying this or other 
reactions using copper and silver acetylide that they be kept wet at all 
times, because under these conditions they are not hazardous, but in the 
dry state they will detonate and produce violent explosions. Other 
carbonyl compounds that will react like formaldehyde are acetaldehyde, 
propionaldehyde, butvraldehyde, and dodecanal. Both mono- and 
di-addition products have been reported. For some of the higher 
aldehydes silver acetylide catalysts are necessary. 4 ' 6 Although such 
catalysts as silver acetylide and copper acetylide are needed for aldehyde 
reactions with acetylene, ketones will react with acetylene to form the 
acetylenic alcohols in the presence of potassium hydroxide. 464 The 
controlling reason may be that with the aldehydes the strong base 
potassium hydroxide produces other reactions such as the aldol and 
Cannizzaro reactions at such a rapid rate that the cthynylation reaction 
is greatly suppressed. 

Formaldehyde derivatives have also been shown to undergo the 
ethynylation reaction. Thus, methyloldimethylamine reacts with acet¬ 
ylene in the presence of copper acetylide as catalyst to give the following 


products. 4 


'^>N—CH,CteC'H + H-0 


CH 

3N )nCH,OH + HC^CII 
CIV 
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Dimelhylolurea and trimcthylolmelamine react with acetylene to give* 
similar products, hut their exact constitution has not been determined 
because of the difficulty of isolation of the compounds from the resulting 
mixtures. 

Carboxylation 

In addition to the reaction of acetylene with carbon monoxide to give 
hydroquinone (p. 1080) it was found that acetylene will react with car¬ 
bon monoxide in the presence of nickel salts, an acid, and alcohols to 
give acrylic acid derivatives. This reaction is formulated as shown. 4 ** 470 


HOhCH + CO 


H ; C=CHC—OR 


HC==CH 

\ / 
c 
II 
o 


KOH 


As now employed, this reaction does not require pressure, but it is 
included here because in his initial work Reppe studied the reactions of 
carbon monoxide with acetylene in an attempt to prepare propynal in 
the same way that he had prepared propynol by the addition of formalde¬ 
hyde. This is an exothermic reaction and occurs at atmospheric pressure. 
By varying the nature of the alcohol or by replacing it with mercaptans 
or amines, it is possible to prepare a whole series of acrylic acid deriva¬ 
tives. 46 * This reaction occurs with substituted acetylenes as well as with 
acetylene, and in the case of the substituted acetylene a mixture of 
a- and /3-alkyl-substituted acrylates is obtained. It was on this basis 
that Reppe proposed the cyclopropenone ring structure shown in the 
bracket as the intermediate in this system. It has not been isolated. 


REACTIONS OF CARBON MONOXIDE UNDER PRESSURE 

Since about 1925 the use of carbon monoxide as an intermediate for 
the synthesis of more complex organic compounds has been extensively 
investigated. These researches started with the high-pressure hydro¬ 
genation of carbon monoxide to methanol, which is the major source of 
this product today. Attempts were then made to extend this synthesis 
to the manufacture of higher alcohols by partial reduction followed by 
polymerization. At about the same time, Fischer and Tropsch found 
that carbon monoxide could be reduced with hydrogen in the presence of 
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catalysts such as cohalt, iron, and ruthenium to give saturated or olefinic 
hydrocarbons. 

No attempt will he made to discuss in this chapter the very volumi¬ 
nous literature pertaining to the Fischer-Tropsch synthesis. Empha¬ 
sis will he placed on reactions of carbon monoxide with materials other 
than hydrogen, as well as three-component systems involving hy¬ 
drogen. 


Reactions of Carbon Monoxide with Saturated Hydrocarbons 

C arbon monoxide will react with some saturated hydrocarbons to 
give carbonyl-containing products. One example of this is the reaction 
of isobutane with carbon monoxide in the presence of anhydrous alumi¬ 
num chloride to give .S-mcthyl^-butanone. 0 *^** 

This reaction is accomplished by mixing isobutane with aluminum 
chloride and heating the reaction mixture under a pressure of 2000 p.s.i. 
of carbon monoxide at a temperature of 00°. The product is separated 
from the unreacted isobutanc by decomposition of the aluminum 
chloride complex with water followed by distillation of the product. 
The structure of the product has been verified through its physical 
properties and the preparation of derivatives. 

The mechanism of this reaction can best be explained, in the authors’ 
opinion, according to an ionic mechanism as follows. 

CH, CH, 

I I 

CH,—CH + AIC1, — CH,—C + + HAICI," 

I I 

CH, CH, 


CH, 

I 


CH, (> 

I II 


CH,—C* +CO — CH,— e — c 


CH; 


I 

CH, 


*»* UopfT. Urr.. 64. 2739 (1931). 

HopfT. Drr.. 65, 482 (1932). 

m HopfT. Nenitzescu. Isaoescu. and Cantuniari. Her.. 69. 2244 (1936). 

... I. G. Furbcr.mdu.trie. Gcr. put. 512.718 |C. A.. 26, 1268 (1931)1; Gcr. put. 636.254 

C!.'Fnrbenindu.trie, Gcr. put. 520.154 |f6cm. Zcnlr.. I. 3000 (193!)|. 
m,. a. Furbenin,lu.tric. Gcr. put. 535.254 |C. A.. 26, 3263 (1032)|; Fr. put. 6.1.241 

lC Tl aT»;iIcnin“.“cr. put. 568.129 |C. ,1.. 27. 2691 <1933,|. 

*« Schnnrschmidt. Fr. put. 735.786 |f. A.. 27. 991 (1933)1; Bnt. put. 3.88, 34 IC. 

27. 4538 (1933)); U. S. pat. 2.037.050. 
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CH, O CHa 0 

I li I II 

HaC—C- C+ — HaC—C-C—CHa 

I 

CHa 

CH, CH, O 

I I H 

CH,—C—C—CH, + |HAICbl~ — CH*—CH—0—CH*-AICI, 

+ II 

O 

Although a more complex mechanism has been suggested for this 
reaction, the scheme shown, which follows the well-known neopentvl 
rearrangement, seems to fit most of the cases where carbon monoxide 
reacts with hydrocarbons in the presence of aluminum chloride or other 
Friedel-Crafts type catalysts. 

Nenitzescu and colleagues m - 4,7 showed that saturated aliphatic and 
cyclic hydrocarbons reacted with carl>on monoxide in the presence of 
aluminum chloride at a pressure of alwmt 5000 0000 p.s.i. to form 
ketones. For example, cyclohexane reacts with carbon monoxide to 
give 2-methylcyclohexanone. Eitel and Berbalk i9% also studied this 
condensation. 

Pines and Ipatieff m reported that propane in the presence of alumi¬ 
num chloride and hydrogen chloride reacted with carbon monoxide 
under a pressure of about 2000 p.s.i. when heated to 80°. The products 
reported were isobutyl isobutyrate, isobutyric acid, and 2,5-dimethyl- 
•l-hexen-3-one. The reaction was shown to proceed much more slowly 
in the absence of hydrogen chloride. 


Reactions of Carbon Monoxide with Unsaturated and 
Aromatic Compounds 

Benzene and other aromatic compounds react readily with carbon 
monoxide in the presence of aluminum chloride catalyst at a pressure of 
1000- 5000 p.s.i. and at a temperature of 200° to yield the corresponding 
aldehyde. Benzene, 600 501 for example, yields benzaldehyde. This 
would be a good synthesis for lrenzaldehyde except that from a com¬ 
mercial viewpoint it is uneconomical because one mole of aluminum 

*** Nenitzescu and CurcAncanu. Her., 71B, 20G3 (1938). 

07 Nenitzescu, Cior&nescu, and Cantuniari. Ber.. 70B, 277 (1937). 

m Eitcl and Berbalk. Monalth., 79. 148 (1948). 

m p ‘ n « and Ipatieff. J . Am. Chem. Soe., 69. 1337 (1947). 

M0 Demann, Krebs, and Borcher*. Tech. Mill. Krupp, Tech. Ber., 6, 59 (1938) l C A 
33. 0257 (1939)). ' 1 * 

M1 Hey. J. Chem. Soc.. 72 (1935). 
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chloride is required per mole of benzaldehyde produced. As yet no 
way has been found for satisfactorily decomposing the benzaldehyde- 
aluminum chloride complex so as to recover the anhydrous aluminum 
chloride. The yields in this process are of the order of 80%, based on the 
aluminum chloride used. As far as has been determined, aluminum 
chloride is the only satisfactory catalyst for this reaction. 5W 

Titanium tetrachloride has been reported as being effective in pro¬ 
moting the benzene-carbon monoxide condensation. SM 

Ilardy 5<M showed that the rate of reaction between carbon monoxide 
and benzene to form benzaldehyde was increased by the initial presence 
of benzaldehyde, furfural, ethyl alcohol, or hydrogen chloride, but the 
presence of water decreased the yield. 

Alkylbenzenes and naphthalenes react similarly to benzene. It is 
believed that the mechanism of this reaction can best be explained 
through the formation of a carbonium ion. 

The reaction for the copolymerization of carbon monoxide and ethyl¬ 
ene has been discussed earlier (p. 1042). 


Three-Component Systems Involving Carbon Monoxide 


The three-component systems with carbon monoxide can be broken 
down into two main categories: (1) those in which water or a hydroxyl- 
containing component is one of the three components; and (2) those in 
which hydrogen is one of the three components. The systems involving 
the use of water have been extensively studied and will be discussed 
first and at greater length. 

It was found S0JS#S that olefins react readily with carbon monoxide in 
the presence of water to give the corresponding fatty acid. This is 
illustrated by the following equation. 

CO + CH^CH; + H-O — CHaCHjCOOH 


A typical set of reaction conditions when employing ethylene as the 
olefin is as follows. The catalyst employed is fluoboric acid; reaction 
temperature is 175°; and reaction pressure is about 10,000 p.s.i. W» th 
ethylene the yields of product are good, usually in excess of 80%, and the 
main by-products arc esters and small amounts of higher-boiling acids. 

As one increases the molecular weight of the olefin and goes from 
ethylene to propylene to butylene, the conditions are essentially the 
same except that the concentration of fluoboric acid and the ternper- 


*02 Holloway and Krase. Ind. Eng. Chrm.. 26, 49, (1933). 
m Guthke. V. S. pat. 1.939.005. 

Hardy. J. Soc. CW Ind.. 67. 150 (1948). 

*» Loder. U. S. pat. 2.135.459. 
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ature must be adjusted so that the competing reaction, the polymeri¬ 
zation of the olefin, does not occur preferentially to the carbon monoxide 
reaction. With isobutylene, for instance, the temperature must be of 
the order of 100 °, and the fluoboric acid concentration must be very 
carefully controlled. Under properly controlled mild conditions, 
triraethylacetic acid is obtained in relatively good yields from isobutylene 
and carbon monoxide. 

Because these reactions are carried out in a strong acid media, there 
is always a tendency for some of the olefins to react with a carboxyl 
group and thus produce the corresponding ester. This side reaction can 
be minimized by regulating the concentration of water in the system. 
It is generally desirable to have as high a water concentration as possi¬ 
ble without decreasing the activity of the fluoboric acid catalyst. 

Other catalysts 407 are effective for this condensation, such as acid 
derivatives of phosphorus, boron, or arsenic, c.g., H 3 PO 4 on charcoal. 

The polymerization reaction can at times be controlled to produce a 
more complex organic acid derivative . 4 *** 411 This is illustrated by the 
reaction of ethylene, carbon monoxide, and hydrogen in the presence of 
benzoyl peroxide and boron trifluoride at a temperature of 115° and 
12,000 p.s.i. to yield ethyl a.a-dicthylpropionatc. The yields of this 
product are good, and essentially no by-products are present. 

The formation of the diethylpropionate can best be explained on the 
assumption that the first reaction is the formation of an cthylcarbonium 
ion by the addition of a hydrogen ion to ethylene in the presence of a 
strong acid. This highly reactiv^ ion then combines with two more 
ethylene units, and, by rearrangement of the primary carbonium ion to 
a secondary or to a tertiary carbonium ion, a diethylmethylcarbonium 
ion results. Carbon monoxide is then added to this carbonium ion, and 
the final product is obtained through the addition of water and ethylene. 
Reactions for the formation of the carbon skeleton are as follows. 

CHjCHj + + C,H 4 ♦=* CH,CH,CH,CH 2 + 

it ♦ 

CHjCHjCHCHj 

CHaCHsCHCH, -f C 5 H 4 ;=t CH,CH,CHCH,CH 2 + 

IT on, 

CHjCHiCCHjCHj CH,CH s CHOHC1I 3 


Ilanford and Roland, U. S. pot. 2.378.009. 
Carpenter, U. S. pat. 2,015.005. 

M Larson. U. S. pat. 2.039.903. 
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It is somewhat more difficult to visualize just how the carbonylcar- 
bonium ion is converted to the ester because it can be shown that di- 
ethylpropionic acid will not add ethylene to form ethyl diethylpropi- 
onate under these same reaction conditions. Other references pertain¬ 
ing to the addition of carbon monoxide and water to ethylene are listed 
below. 509-6,4 

A process for the preparation of a,a-dialkyl-0-chloropropionic acids 
was developed by Ford . 616 Preparation of a,a-disubstituted-/?-halo- 
propionic acids consists of reacting an ethvlenic compound of the type 
RKC=OR'CH 2 X with carbon monoxide under a pressure of 3000 to 
30,000 p.s.i. with hydrated boron trifluoride at (50-150°. R may be 
hydrogen or a univalent hydrocarbon radical of 1-6 carbon atoms, 
preferably alkyl or phenyl, and R' may be alkyl or phenyl, but the 
reaction does not proceed if R' is hydrogen. The X represents halogen. 

The preparation of haloacetyl halides by action of carbon monoxide on 
halogenated methanes in the presence of a Friedel-Crafts type catalyst, 
such as aluminum chloride, is described by Theobald. 516 - 517 ' 5n In a 
typical example of this reaction, carbon tetrachloride is reacted with 
carbon monoxide under a pressure of 3000-4000 p.s.i. and at a temper¬ 
ature of 200° for a period of 6 hours. A 37% yield of trichloroaectyl 
chloride is obtained. In the same way, this patent 5,6 claims that other 
haloacetyl halides, such as CF 2 CICOCI and ('Br.i( ’OBr, can be prepared. 

A system has been described 5, *- 5J0 for the reaction of polyhalogenated 
ethanes and carbon monoxide. This condensation occurs at a temper¬ 
ature of approximately 150° and a pi^>sure of 10,000 p.s.i. in the presence 
of a Friedel-Crafts type of catalyst to give polyhalogenoacetyl halides. 
By this method, pentachloroethane is converted to tetrachloropropionyl 
chloride. 

Mareick 5,9 successfully condensed chlorobenzene and carbon monox¬ 
ide in water to yield benzoic acid in the presence of catalysts such as 
copper chloride and active carUm, under high pressure and at temper¬ 
atures above 300°. 


I led berg. U. S. pat. 2.510.105. 

Owen. U. S. pat. 2.509.878. 

»»• Ford. U. S. pot. 2.424.653. 

nt e. i. ,|,| Font de Nemours & Co. and Kirkpatric k. Brit. pat. 566.868 \C. A., 41, 1«» - 
(1947)). 

Gresham and Brooks. U. S. pat. 2.448.368. 

*" Larson, U. S. pat. 2.448.375. 

*■» Ford. U. S. pat. 2.449.163. 

4,4 Theobald. U. S. pat. 2.378.048. 

U7 Frank. Haliowell. Theobald, and Vaalo. Ind. Kng. Chrm.. 41. 2061 (1949). 

Mi Imperial Chemical Industries. Brit. pat. 604.579 IC. A.. 43. 1434 (I949)|. 

... Morecek. CW Obun. 7. 171 (1932) |C. A.. 27. 1876 (1933)). 

*» Theobald. U. S. pat. 2.411.982. 
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A method for producing carboxylic acids is described by Groom- 
bridge, Wl in which chlorinated hydrocarbons are subjected to reaction 
with carbon monoxide and water in the presence of a carbonyl-forming 
metal or metal compound. For instance, methyl chloride, water, 
nickel carbonyl, and carbon monoxide under a total pressure of 1500 
p.s.i., are reacted for 1 hour at 350-450°. This results in a 50% con¬ 
version to a mixture of acetic acid and methyl acetate. 

Alcohols react with carbon monoxide under essentially the same 
conditions as do the olefins to produce carboxylic acids. It is for this 
reason that some investigators propose that the first reaction of an olefin 
with carbon monoxide is hydration of the olefin to the corresponding 
alcohol, followed by reaction with carbon monoxide. Another group of 
investigators believes that the alcohols react by dehydration and that the 
olefin is the active component. There is no direct proof as yet for either 
of these mechanisms. It seems more probable that some form of active 
molecule, such ns a carbonium ion, results from either starting material, 
and that this is the active intermediate. The reaction conditions for the 
conversion of ethyl alcohol to propionic acid, for instance, are essentially 
the same as those described for ethylene. The catalyst is fiuohoric acid, 
the reaction temperature is 175°, the pressure is 10,000 p.s.i., and the 
reaction medium is water. The yields are above 90%. k3 

In ninny cases it is more desirable to synthesize the acid from the 
alcohol than from the olefin, because with certain molecules it is easier 
to control the polymerization reaction. This is especially true, for 
example, when considering the reaction of /erf-butyl alcohol with carbon 
monoxide, which gives better yields than the reaction of isobutylene with 
water and carbon monoxide. 

A considerable amount of study has been carried out on the alcohol- 
carbon monoxide-water system.**"** 5 Among some of the catalysts 

Groombridgc. Brit. pat. 621,520 [C. A., 43. 6650 (1949)|. 

‘ a E. I. du Pont do Nemours A- Co.. Brit. pat. 581.278 |C. A., 41. 2431 (1947)|. 

“ Loder. U. S. pat. 2.170.825. 

" 4 E. I. du Pont de Nemours A Co.. Kr. pat. 809.175 (C. .4.. 31. 6838 (1937)). 

*® Gresham. U. S. pat. 2.462,738. 

“* Lodcr. U. S. pat. 2,158,031. 

“ 7 Dreyfus, U. S. pat. 2,201.228. 

"‘Simons and Werner. J. Am. Chtm. Soc.. 64, 1356 (1942). 

"* Reppe, Modern Plastics, 23. No. 3. 162 (1945). 

Oxloy. U. S. pat. 1.927.414. 

Ul British Cclaneso and Oxley. Brit. pat. 343,947 (C. A.. 26. 154 (1932)). 

“ Plant. U. S. pot. 1.909.630. 

“ Larson. U. S. pat. 1,940,989. 

Larson, U. S. pot. 1.940.988. 

** Woodhouse. U. S. pat. 1.940.9S7. 

Carpenter. U. S. pat. 1.940,674. 

" 7 E. I. du Pont de Nemours A Co.. Brit. pat. 397,852 [C. A., 28. 1047 (1934)]. 
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reported are the following: hydrogen fluoride; 828 pyrophosphoric acid; 530 
chromium oxide gel; 831 silicotungstic acid; 834 boric acid; 836 chromium 
metaphosphate;*’ zinc chloride; 843 cadmium phosphate; 813 iron- 
chromium alloy; sodium alkoxide; 884 - 888 and cobalt oxide. 662 

In the alcohol-carbon monoxide-water reaction, ester formation is a 
competing reaction and is essentially controlled by the concentration of 
the water. 

Various reactions of phenol with carbon monoxide in the presence of 
olefins have been studied. For instance, Gresham and Brooks 663 pre¬ 
pared various aryl esters by reaction of a phenolic compound, carbon 
monoxide, and olefinic compound in the presence of nickel or cobalt 
under pressure. When reacting the compounds phenol, carbon monox¬ 
ide, and ethylene, at 300 3 and under 5000-6000 p.s.i., an 87% yield of 
phenyl propionate was obtained. 

Zerbe and Jage 864 studied the behavior of various phenols and de¬ 
rivatives with carbon monoxide under pressure. It was subsequently 
shown that with alcohols, such as methyl or ethyl, sodium phenatc 
formed phenyl esters. When an initial carbon monoxide pressure of 
500 p.s.i. was employed, yields were practically quantitative, the carbon 


m Bader. U. S. pat. 1,033.690. 

M * Dolgov and Abarcnkova. Kilim. Ttrrdogo Toplita. 6, 811 (1934) | C. A., 29. 7278 
(1935)). 

wo Singh and Kroae. Ind. Eng. Chtm.. 27. 909 (1935). 

Ml Wood bouse. U. S. pat. 2.003.477. 

» Carpenter. Con. pot. 349,270 (C. A., 29. 4027 (1935)). 

M Vail. U. S. pat. 1,979.717. 

M Woodhouse. U. S. pat. 1.979,518. 

Carpenter. U. S. pat. 1.979.449. 

«• Hardy. J. Chcm. Soc.. 1335 (1934). 

Hardy, ibid., 362 (1936). 

Hardy, ibid., 358 (1936). 

M Woodhouse. U. S. pat. 2.025.676. 

Woodhouse. U. S. pat. 2.019.754. 

mi E. I. du Pont de Nemours & Co.. Brit. put. 536.442 [C. A.. 36. 1019 (1942)). 

« Bcckhuis. Con. pat. 408.W7 (C. A.. 37. 1128 (1943)|. 
m* Dreyfus. U. S. pot. 2.308.594. 

u* Christiansen and Gjaldbaek. Kg.1. Danake Videnakab. Stlskab, Malh.-fyt. Mold., 20. 
No. 3. 22 pp. (1942) [C. A.. 38. 3898 (1944): Chem. Zenir.. I. 599 (1943)). 

“Stahler. Bcr., 47, 5SO (1914). 

“• Loder. U. S. pat. 2.135.448. 

“ J Loder. U. S. pat. 2.135.451. 

Loder. Can. pat. 380.015 [C. A.. 33. 3810 (1939)|. 
m. Loder. Can. pat. 375.021 (C. A., 32. 7057 (1938)). 

iso e I du Pont de Nemours & Co., Brit. pat. 483.577 (C. A.. 32, 7057 (1938)|. 

... GjaUlback. Ada Ch*m. Scant.. 2. 683 (1948) (C. A.. 43. 3697 (1949)1- 
»« Brooks, U. S. pat. 2.457.204. 

*m Gresham and Brooks. U. S. pat. 2.46i.20G. 
im Zerbe and Jage. Brcnnaloff-Chem.. 16, 88 (1935). 
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monoxide absorption starting at 130°, the best yields of phenyl esters 
being obtained at 180°. 

Formaldehyde reacts as a typical unsaturated compound with carbon 
monoxide and water to give glycolic acid. Larson 5CS found that this 
reaction proceeded in excellent yields by mixing glycolic acid with 
sulfuric or phosphoric acid and adding to this aqueous solution the 
carbon monoxide and formaldehyde at a temperature of 200° and 10,000 
p.s.i. pressure. The excess glycolic acid synthesized from carbon 
monoxide, formaldehyde, and water was then removed by crystallization, 
and the residue recycled after adjusting the concentrations of the 
various reactants. With this synthesis, glycolic acid was obtained in 
very high yields. Shattuck 571 claimed yields of 90% for this synthesis 
while using considerably lower pressures of 200-300 p.s.i. 

Lodcr 466 647 describes a process for reacting, in the presence of a 
solvent and in liquid phase, carbon monoxide and a compound of the 
general formula RCH 2 CHO, in which R represents hydrogen or an 
alkyl, aralkyl, or alicyclic radical, under superatmospheric pressure and 
at temperatures of 50-350°. In a typical example, lactic acid is prepared 
from carbon monoxide and acetaldehyde in the presence of sulfuric acid 
as a catalyst, at a temperature of 130-200° and under a pressure of 
13,000 p.s.i. 

Gresham and Brooks "• produced acrolein directly from carbon 
monoxide, hydrogen, and vinyl compounds of the type ROCII—CH 2 , 
where R is an acyl radical, in accordance with the following equation. 

CH*=CHOR + CO + H* —► CH*==CHCHO + ROH 

This reaction is carried out in the presence of a hydrogenation catalyst, 
at a temperature of approximately 100° and a pressure of 3000 5000 
p.s.i. The yields for the reaction arc in the vicinity of 30-40%. 

Formates of polyhydroxy alcohols “* have been prepared by treating 
polyhydroxy alcohols with carbon monoxide at temperatures from 50° 
to 250° and pressures from 150 to 1000 p.s.i., in the presence of a catalyst 
such as an alkali or alkaline-earth metal, or an alkali or alkaline-earth 
metal alkoxide. The method may also be applied to mono esters and 
other derivatives of a polyhydroxv alcohol containing at least one free 
hydroxyl group. 

lto Larson. U. S. pat. 2,163,064. 

Loder. U. S. pat. 2.265.946. 

“ T Loder and Bartlett. U. S. pat. 2.211,624. 

‘ M Gresham and Brooks. U. S. pat. 2.402.133. 

“• Bartlett. U. S. pat. 2.405.936. 
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Gresham and Brooks 570 showed that 1,1,2-trialkoxyethanes can be 
prepared by treating dialkyl formals with carbon monoxide and hydrogen 
in the presence of an alkanol and a nickel or cobalt catalyst. The 
pressure employed ranged from 6000 p.s.i. to 15,000 p.s.i., and the 
temperature range was from 100° to 350°. Yields of the order of 70% of 
converted formals were claimed for this reaction. 

The reaction of formaldehyde, carbon monoxide, and hydrogen in the 
presence of a hydrogenation catalyst, preferably a cobalt catalyst, has 
been shown 572 to yield polyhydroxy compounds. For example, para¬ 
formaldehyde, when heated to 150-160° in the presence of a cobalt cata¬ 
lyst, and at a pressure of 7500-10,000 p.s.i. of carbon monoxide and 
hydrogen, in a volume ratio of 1/2 to 1/4, yielded mixed polyhydroxy 
compounds, which on hydrogenation gave ethylene glycol, glycerol, and 
other low-molecular-weight products. 

Ketones such as methyl ethyl ketone react with carbon monoxide and 
water to give more complex products than those that would be antici¬ 
pated by analogy with the formaldehyde reaction. The best catalyst 
for the reaction of methyl ethyl ketone with carbon monoxide and water 
is boron trifluoride at a temperature of 150-165° and under a total 
pressure of 10,000 p.s.i. s7a The structure of the product resulting from 
this reaction has been shown to be a,0-dimethylpentanoic acid and can 
be readily accounted for by the following series of reactions. Methyl 
ethyl ketone undergoes an aldol condensation to form an unsaturated 
ketone. This unsaturated ketone is then hydrolyzed by water and 
boron trifluoride to produce 3-methy 1-2-pentene, which then reacts with 


2CH,—C—CHr-CHa 


O 

II 

-> CHa—O 



=C—CHj— CHa 

I I 

CH, CH, , +co 

+ H.O 


-cocoon o cOOH 

HC=C—CH 2 —CH 3 CHa-C—C-CH—CHa-CH, 

i I 1 

CHa CHa . CH> CUi 

+CO + HjO / 

/ +H-0 

CHa—HC—COOH -cHiCOOil 
CHa—HC—CH*CHa 


Gresham and Brook*. U. S. pat. 2.440.470. 
Shattuck. U. S. put. 2.443.482 
Gresham and Brooks. U. S. pat. 2.451.333. 
U. S. pat. 2.273.785 


Larson, 
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carbon monoxide and water as a typical olefin to yield an acid. It may 
be that the carbon monoxide and water are added to the unsaturatcd 
system before hydrolysis of the acetyl group. This latter reaction is, of 
course, readily visualized because one would be dealing with a 0 -keto 
acid. This reaction and the mechanism arc shown in the preceding 
equations. 

Hardy 574 claimed the preparation of trimethylacetic acid from acetone 
in the presence of phosphoric acid as a catalyst, under a pressure of 
3000 p.s.i. and at a temperature of 200°. He explained this reaction by 
assuming the acetone was first converted to mesityl oxide which then 
with water cleaved to isobutylene and acetic acid. The isobutylene 
reacted with water and carbon monoxide to give trimethylacetic acid. 

I.oder 57 * found that ammonia, carbon monoxide, and methanol re¬ 
acted in the presence of a catalyst such as potassium acetate to give 
nearly quantitative yields of dimethylformamide. The temperature 
employed was 200°, and the pressure was 13,500 p.s.i. The reaction is, 
for practical purposes, limited to methanol because, at the high temper¬ 
ature required, the other alcohols tend to dehydrate rather than to react 
with ammonia to produce alkylated amines. 

In this reaction of methanol, it is generally assumed that the first 
step is the interaction of methanol with ammonia to produce dimethyl- 
amine, and the alkylation reaction of the ammonia is stopped at the 
dialkylaminc stage by the reaction of the carbon monoxide with the 
active hydrogen to give dimethylformamide. 

Hallowell k7 ‘ obtained dimethylglycine from the reaction of dimethyl- 
amine, formaldehyde, and carbon monoxide. This reaction was con¬ 
ducted at a temperature of 150-200° under a carbon monoxide pressure 
of 12,000-15,000 p.s.i. in an aqueous solution containing 1-10% of a 
strong acid such as hydrochloric acid. It is stated that the reaction is 
general for RR'NH compounds, where R and R' represent lower alkyl 
radicals. 

Buckley and Ray i77fcU have reported that carbon monoxide reacted 
with aniline in the presence of a trace of hydrogen chloride at 250° and 
35,000-45,000 p.s.i. to give a polymeric product containing aniline 
residues linked by methylene and/or carbinol groups in ortho and para 
positions. The introduction of substituents in the reactive ortho and 
para positions of the aniline molecule affects the nature of the products. 
Amines having one such substituent (e g., o-toluidine, p-bromoaniline) 

,u Hardy. J. CKcm. Soc .. 404 (1938). 

474 Lodor, U. S. pat. 2.204.371. 

"* Hallowell, U. S. pat. 2.413.968. 

4,7 Buckley and Ray. J. Chcm. Soc.. 1151 (1949). 

471 Imperial Chemical Industries. Brit. pat. 615.303 [C. A.. 43, 5639 (1949)J. 
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give products similar to the products from aniline; amines having two 
such substituents (e.g., xylidines) give diformamidodiarylmethanes; 
2,4,6-trisubstituted anilines (e.g., raesidine) are merely converted to N- 
lormyl derivatives. Under similar conditions methylaniline yields 
N-methylformanilide, and dimethylaniline fails to react. 

Carbon monoxide reacts with hydrazine 579 under high pressures to 
give a variety of products, depending upon the conditions employed. 
At 50° and 15,000 p.s.i., semiearbazide and ammonia are formed from 
the reaction of hydrazine and carbon monoxide; at 150° and 15,000 
p.s.i., 4-ami no-1,2,4-triazol-3-one is produced, which at 150° and 45,000 
p.s.i. is reduced to 4-amino-l,2,4-triazole. 

A second three-component system which has been extensively investi¬ 
gated is the so-called oxo reaction, which involves the reaction of an ole¬ 
fin, carbon monoxide, and hydrogen over cobalt-thoria-kieselguhr cata¬ 
lyst. Products of this reaction are, in general, aldehydes, and yields arc 
of the order of 85-95%. A typical set of conditions for the reaction of 
1-octene is as follows. An equimolar mixture of carbon monoxide, hydro¬ 
gen, and the olefin is passed over cobalt-thoria-kieselguhr catalyst at a 
reaction temperature of 120-160° and 2000-3000 p.s.i. pressure. 680 
Under these conditions the yield of nonanal is 85-95%. 

In the product from A'-olefins, the aldehyde group is about equally 
distributed between primary and secondary carbon atoms. During the 
reaction rearrangement of the carbon-carbon double bond occurs with 
olefins in which this is possible. In addition to the aldehyde, small 
amounts of alcohols and ketones are produced as by-products. As in all 
heterogeneously catalyzed reactions, the mechanism is not clearly 
understood. Since a mixture of a-methyl and straight-chain aldehydes 
is obtained from A'-olefins, the consensus is that the first step is the 
formation of a cyclopropanone intermediate, which is then opened by 
hydrogenolysis to give the corresponding aldehyde, the hydrogenolysis 
occurring on either side of the carbonyl group and thus accounting for 
the mixture of products obtained. The formation of the alcohol by¬ 
product is readily accounted for by the hydrogenation of the aldehyde to 
the corresponding alcohol. 

It is interesting to note that the presence of carbon monoxide reduces 
the hydrogenation tendency of the system to such a point that aldehydes 
are not reduced to alcohols to any large extent in this synthesis. This 
method of control of the hydrogenation by the addition of other gas 
components may be important in some future research programs. 

The formation of ketones can be readily accounted for by the addition 
of a second mole of active olefin to the cyclopropanol intermediate. 1 he 

4:8 Buckley and Ray, J. Chem. Soc., 1156 (1949). 

Roelon, U. S. pat. 2.327.066. 
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molecular weight of the ketone generally corresponds to one mole of 
carbon monoxide, one of hydrogen, and two of olefin. 

With isoolefins such as isobutylene, this reaction docs not give appreci¬ 
able yields of trialkylacctaldehydcs. The stcric effect is probably too 
great, and the major product isolated is 3-mcthylbutyraldehydc in the 
case of isobutylene. In this respect the reaction of carbon monoxide and 
hydrogen with isoolefins differs from the reaction of carbon monoxide 
and water with isoolefins, for, in the case of water where an acidic 
catalyst is used, the tertiary components are usually formed to the 
essential exclusion of all others. 

This synthesis proceeds with practically all olefins and has been used 
for the synthesis of a wide variety of aldehydes. The reaction is of 
commercial importance because it offers a method of converting to a 
more valuable product readily available olefins obtained by the poly¬ 
merization of low-molecular-weight olefins such as ethylene, propylene, 
and the butylenes, or the olefins available from the Fischer-Tropsch 
reaction, as well as olefins produced by cracking higher-molccular- 
weight hydrocarbons. 

Aldehydes are finding extensive commercial use for the synthesis of 
new types of products. Other references pertaining to this synthesis 
are two review articles. 

Reactions of Carbon Monoxide with Other Oxygenated Compounds 

The reaction of carbon monoxide with olefins and alcohols can be 
looked on, as has been pointed out, as going through the same general 
mechanism, but the reaction of carbon monoxide is not limited to these 
systems, and a few reactions of carbon monoxide with other oxygenated 
compounds will be discussed in this section. 

Carbon monoxide reacts readily with anhydrous dimethyl ether in the 
presence of boron trifluoride as the catalyst, at a temperature of 150-190° 
and 13,000 p.s.i. pressure, to give methyl acetate in 65% yield.** SH m 
For the reaction to proceed, it is necessary to use approximately stoichio¬ 
metric quantities of boron trifluoride. In addition to methyl acetate, 
small quantities of acetic anhydride are formed by further reaction of 
methyl acetate with carbon monoxide. Since the reaction of ethers with 
carbon monoxide requires stoichiometric quantities of boron trifluoride, 
the synthesis of acids in this way is inferior to the method using olefins 
or alcohols. 

Wonder and Orchin, U. S. Bur. of Minos, R.I. 4270 (1018). 

*” Willem art. Bull. $oc. Mm. Prance. |5] 14. 152 (1947). 

Lode*. U. S. pat. 2.135.449. 

lu Larson, U. S. pat. 2.135.450. 

** E. I. du Pont do Nemours & Co.. Brit. pat. 486.560 (C. A., 32. 8438 (1938)]. 
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Woodhouse 556 claims a process, similar to the one mentioned above 
for the condensation of carbon monoxide with an aliphatic ether, 
which will proceed in the presence of active carbon and a number of 
catalysts such as HOI, HBr, HF, HI, NH 4 C1, NH 4 Br, NH 4 I, chloramine, 
sulfuryl chloride, and phosphorus oxychloride. 

Cyclic ethers react with carbon monoxide to give the lactone or dibasic 
acid, 587 588 depending on the reaction conditions employed. The pub¬ 
lished information as to the best method for promoting this transfor¬ 
mation is rather meager. It has been stated, 8 '* however, that tetra- 
hydrofuran or tetrahyd ropy ran reacts with carbon monoxide in the 
presence of nickel carbonyl and hydrogen chloride at 270° and 8000 
p.s.i. pressure to give an 80% yield of adipic acid. If cobalt is used in 
place of nickel, and the same general reaction conditions are maintained, 
the reaction of carbon monoxide with tetrahydrofuran stops at the 
butyrolactone stage. 

Acetals react similarly to the ethers. 8 * 0 Dimethyl formal reacts with 
carbon monoxide in the presence of stoichiometric quantities of boron 
trifluoride at 50° and 2500-10,000 p.s.i. pressure to give an 83% yield 
of methoxymethyl acetal. 8 * 1 For this action to proceed, it is necessary 
that practically all traces of hydroxyl-containing compounds be removed 
from the acetals. 

Gresham 8W found that 1,3-dioxolane reacted with carbon monoxide in 
sulfuric acid as the catalyst at 90-120° and 3000-10,000 p.s.i. pressure 
to form in good yield a polymeric ester. This polymeric material, when 
refluxed with methanol, yielded methyl /5-hydroxyethyl glycolate. 'Hie 
reaction of acetals is shown in the following equations. 


O 

CO + CHjO—CHj—OCHj-* CHjO CH? G OCH* 

H,C-CH, 

O O + CO- > Polymer 

\ / 

(> 1 j 

Polymer £^> HO—CHj—CH,—O—CHj—COOCHi 


BIOS. Report 


»«• Woodhouse, U. S. pat. 2.135.447. 

Carpenter. FIAT. Final Report 933. 

»'• Rcppe. "Recent Advances in the Chemistry of tarlwn Monox.de. 

3 «Or«sfor.. "Preparation of A.lipir Aei.1 from Tetrahydrofuran and Carbon Mono,- 

i«le " BIOS. Report 351. Item 22. 
mo Gresham and Brooks. U. S. pat. 2.429.S7S. 
mi Johnson. U. S. pat. 2.273.269. 

Gresham. U. S. pat. 2.364.43S. 
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Just as carbon monoxide and water will react with formals, so will the 
system of carbon monoxide and hydrogen. Thus, dimethyl formal reacts 
with carbon monoxide and hydrogen over cohalt acetate catalyst at 170° 
and JOOO p.s.i. to give a 50% yield of tri me thoxy ethane. 696 

Esters react with carbon monoxide and water, as one would anticipate, 
under exactly the same conditions as are utilized for alcohols. Under 
these experimental conditions, the ester hydrolyzes to the alcohol and 
acid, and the normal alcohol synthesis reaction then takes place. Re¬ 
action conditions are essentially those outlined previously. 

With the exception of the synthesis of dimethylformamide, in most 
reactions the carbon monoxide is added in such a manner as to produce a 
new carbon-carbon bond. Carbon monoxide will also react with an 
alcohol under alkaline conditions to give the corresponding alkyl for¬ 
mate. Thus, methanol will react with carbon monoxide in the presence 
of sodium methoxide catalyst at a tem|>erature of 30-50° and 000 p.s.i. 
pressure to give methyl formate in high yields. 6 * 4 
In this reaction, since one is dealing with an equilibrium, it is im¬ 
portant to keep the reaction temperature l>elow 50°, for at temperatures 
above this the reaction is reversed, and the methyl formate decomposes 
into carbon monoxide and methanol. This last reaction represents a 
method by which pure carbon monoxide can lw prepared in the labora¬ 
tory or in a pilot plant. 


REACTIONS OF CARBON DIOXIDE UNDER PRESSURE 


The reactions of carbon dioxide which will proceed at atmospheric 
pressures, even though only slowly, will not be discussed in this chupter. 

The chief and only really important pressure reaction of carbon 
dioxide in the organic chemical field is the one in which carbon dioxide is 
reacted with ammonia to yield urea. In this synthesis, carbon dioxide 
is reacted with ammonia in two stuges. The first is the reaction of 
anhydrous carbon dioxide with ammonia to produce ammonium car¬ 
bamate. Since ammonium carbamate will decompose back to carbon 
dioxide and ammonia under the influence of heat, it is necessary to 
cany out this reaction under pressure. The commercial synthesis, 
which is a continuous process, is carried out about as follows. 696 

Approximately 100 parts of ammonia and 50 parts of carbon dioxide 
are compressed and delivered separately as liquids, or compressed gases, 
into a steam-heated autoclave at 190° while an internal autoclave 


*” Gresham and Brooks. U. S. pat. 2.449.470. 

* M Scott. U. S. pat. 1.946.918. 

*" Groggins. "Unit Processes in Organic Synthesis,' 
(1947). p. 413. 


McGraw-Hill Book Co.. Now York 
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pressure of approximately 3000 p.s.i. is maintained. The residence 
time for the materials in the autoclave is approximately 2 hours, during 
which the carbon dioxide and ammonia are nearly all converted to 
ammonium carbamate, which in turn is converted largely to urea. The 
m^lt from the autoclave, consisting of approximately 12 parts of am¬ 
monium carbamate, 50 parts of urea, 70 parts of ammonia, and 15 parts 
of water, is cooled to approximately 15° and then is passed into a frac¬ 
tionating column maintained at (50°. About 40 parts of unconverted 
ammonia and any unreacted carbon dioxide are distilled and reeondensed 
for return to the reaction medium. The urea-water mixture then goes 
to a crystallizer which is held at approximately 150°, where some 20 
parts of the remaining free ammonia is removed under reduced pressure. 
The resulting slurry is passed to a continuous centrifuge, from which 
30 parts of crystallized urea is isolated. The mother liquor, consisting 
of 12 parts of ammonium carbamate, 20 parts of urea, 8 parts of am¬ 
monia, and 15 parts of water, may be used in various ways in the manu¬ 
facture of mixed fertilizer. 

Since the synthesis is carried out at elevated temperatures, and at 
pressures from 2000 p.s.i. to 3000 p.s.i., it is necessary to construct the 
autoclave to withstand high pressures. Steel pumps of the hydraulic 
type have been successful for separately pumping the liquefied ammonia 
and carbon dioxide streams into the autoclave. 

The autoclave contents, which are made up of a mixture of ammonia, 
water, urea, and ammonium carbamate, are, however, highly corrosive 
at the elevated temperatures employed in this synthesis. It has been 
found necessary to line the autoclaves and stills used in the process with 
either lead, silver, or special stainless steels since ordinary iron, steel, 
and many other similar alloys are very rapidly attacked by the liquid. 
In those parts of the system where lower temperatures can be tolerated, 
some alloy steel may be satisfactory. 

Monoalkylamines react under essentially the same conditions to give 
alkylureas. The yields, however, are much lower, and a longer reaction 
time is required in order to obtain these products. 

REACTIONS OF FLUOR06LEFINS UNDER PRESSURE 

The fluorinated hydrocarbons represent a unique class of organic 
compounds in that these fluorine derivatives have essentially the same 
vapor pressures as the corresponding hydrocarbons. For this reason, in 
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those reactions which utilize fluoroolefins of low molecular weight, it is 
necessary to apply pressure in order to accomplish the reactions. This 
is in contrast to the methods used with corresponding chlorine and bro¬ 
mine compounds, because these products are sufficiently high boiling 
that they can be handled in conventional equipment. 

This section will be concerned primarily with the reactions of fluoro¬ 
olefins, the emphasis being placed upon polymerization, chiefly because 
it is their most important reaction. Fluoroolefins have found their 
greatest utility in the plastics field. 

One of the first polyfluorinated olefins which was studied in great 
detail, and the first to be commercialized on any appreciable scale, was 
tetrafluoroethylene (CF 2 =CF 2 ). Plunkett 49 ‘ found that tetrafluoro- 
ethylene polymerizes under relatively low pressures to give a refractory 
polymeric material which is insoluble in all organic and inorganic 
materials below its dccom|>osilion point. In his early work, Plunkett 
showed that the polymerization of tetrafluoroethylene could be carried 
out at 20° and relatively low pressure in the presence of initiators, such 
as zinc chloride, silver nitrate, Ixmzoyl peroxide, or in the apparent 
absence of any catalyst. This method and these catalysts did not give 
a well-controlled system, and the reaction proceeded at a rather slow 
rate. Because of the unique physical properties of this plastic material, 
efforts were then made to polymerize tetrafluoroethylene at a much 
faster rate and under controlled and reproducible conditions. 

Two methods were subsequently found for accomplishing this poly¬ 
merization reaction. The first used oxygen as an initiator at a reaction 
temperature of 200° and 1000 p.s.i. pressure. Under these conditions 
excellent yields of poly tetrafluoroethylene were obtained. 4 * 7 This poly¬ 
merization system could be conducted with oxygen over rather wide 
ranges of temperature and pressure; for instance, the reaction proceeded 
at room temperature to about 250°, but the highest yields were obtained 
in the range 75° to 160°. Although pressures as low as 500 p.s.i. were 
operable, the most satisfactory pressures were from 1000 p.s.i. to 4000 
p.s.i. 

In the second method, under somewhat similar conditions but at 
lower temperatures, it was found that tetrafluoroethylene was polymer 
ized at 60° and 1000 p.s.i. pressure to produce a similar polymer. 498 

1,1 Plunkett, U. S. pat. 2.230.GSI. 

4,7 Joyce, U. S. pat. 2,394,243. 

*** Hanford and Joyce. J. Am. Chem. Soc., 68. 2082 (1946). 
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Other references pertaining to the preparation and polymerization of 
tetrafluoroethylene are listed below. 59 *- 610 

Tetrafluoroethylene undergoes telomerization reactions of the same 
type as those described in a previous section on the ethylene compounds. 
The resulting products, however, have not been as fully characterized 
because of the lack of reference compounds. The telomerization reaction 
offers interesting possibilities for the synthesis of new fluorocarbon 
derivatives. 

When tetrafluoroethylene was heated in the presence of an anti¬ 
oxidant at 200° and 1500 p.s.i., it was found that an entirely new reac¬ 
tion occurred, namely, the formation of octafluorocyclobutane in 80% 
yields.*"- * ls 

F F 

\ / 

w F-C-C-F 
F : C=CF, I | 

'•""I P^ l. p_p_p 

/ \ 

F F 

It has also been found that tetrafluoroethylene undergoes similar 
cyclization reactions with other olefinic materials.* 1 *- 615 Tetrafluoro¬ 
ethylene and ethylene, for instance, when heated in the presence of an 
antioxidant at 200° and 1.500 p.s.i. pressure, give tetrafluorocyclobutane. 


CF,=C F, + CH?=CHj 


200 * 


-> 


1500 p.*.i. 


CF*—CH* 

I I 

CF,-CH 5 


Other systems studied include trifluorovinvl chloride plus tetrafluoro¬ 
ethylene, and trifluorovinyl chloride plus vinyl acetate. Trifluorovinyl 
chloride also undergoes the same dimerization reaction, but, because of 

w* E. I. du Pont de Nemours & Co.. Brit. pal. 574.688 |C. .4.. 43. 901 (1949)). 

«o« Fcrgusson, Chrmistry A Industry. 58fi (1949). 

Brubaker. U. S. pot. 2.393.967. 
w* Dorough. U. S. pot. 2.398.926. 

«oj Denning. Downing, and Plunkett. U. 8. put. 2.401.897. 
eoi Renfrew and Lewi*. Ind. Eng. Chrm., 38. 870 (1946). 

Hanford. U. S. pot. 2.407.419. 

Halls. Plastic* (London), 11, 28 (1947). .... 

•or Park Benning. Downing. Louriu*. and Mr Hornet, hut. Bng. Chrm., 39. 354 (194.). 
“• Pirani. MaUrie plastiche. 13. 133 (1947) | C. A.. 42. 2813 (1948)). 

•°* Dietrich and Joyce. U. S. pot. 2.407.405. 

4,0 Brubaker. U. S. pat. 2.407.396. 

4 » Downing. Benning. and McHorne**. l r . S. pat. 2.384.821. 

•>* Harmon. U. S. pat. 2.404.374. 

•'» Barrick. U. S. put. 2.462.345. 

•'» Barrick. U. S. pat. 2.402 347. 

•u Barrick and Cramer. U. S. pat. 2.441,128. 
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its higher boiling point, practically no pressure is required for this 
reaction. 

CFj—CFCI 


CF—CFCI — I 


CF*—CFCI 


Various other reactions of tctrafiuoroethylenc which are more or less 
characteristic of fluoroolefms in general have been studied. Haasch, 61 * 
for instance, showed that tetrafhioroethylene can be reacted with iodine 
at 20-150° under a pressure of at least 25 p.s.i. to yield syw-diiodo- 
tetrafluoroethane. 


Miller et a/. 6,T demonstrated that at 300 p.s.i. tetrafhioroethylene will 
add methanol to give McOOF 2 CHF 2 . Trifluorovinyl chloride adds 
methanol at room temperature and at atmospheric pressure. Tetra- 
chloroethvlene does not react at 0°. All the alx>ve reactions were 
carried out in the presence of sodium alkoxides. Hanford and Rigby 
condensed ethanol and tetrafhioroethylene at 50° and under autogenous 
pressure in the presence of sodium alkoxide to yield 1,1,2,2-tetrafhioro- 
ethyl ethyl ether. Other hydroxyl-containing compounds, e g., dodceyl 
alcohol, ethylene glycol, and phenol, react similarly. 

Hanford showed that ethers containing one or more tetrafhioro- 
ethylene groups per molecule can be prepared from the pressure reaction 
of tetrafhioroethylene and an ether in the presence of a peroxide catalyst. 
The ethers may be acyclic or heterocyclic and contain preferably two 
ether linkages, c.g., acetals and ketals, although simple ethers can also 
be used. Aliphatic ethers are more reactive than aromatic ethers. The 
use of polyfhioroethylenes with the general formula CF 2 =CX 2 , where X 
may be F, Cl, or Br, was investigated. These decreased in activity with 
a decrease in the number of fluorine atoms in the molecule. In addition 
to the peroxide-type initiator, an acid or alkaline catalyst, such as zinc 
chloride or borax, may be used. As an illustration CF 2 =CF 2 was added 
to dioxane together with 1.5% benzoyl peroxide ut. 110° and under a 
pressure of 350 p.s.i., and the mixture heated for 8 hours. Reactions of 
ethylene oxide, dioxolane, acetal, methylal, dimethyl ether, diethyl 
ether, and sym-dimethoxyethane with CF 2 =CF 2 are described in the 
patent. 

Cramer K0 showed that monomeric addition products of azobis- 
formates and polyfluoroethylenes could be formed. For instance, 


Haasch. U. S. pat. 2.424.6G7. 

Miller, Foger. and Griswold. J. Am. CVm. Soc. 
411 Hanford and Ri*by. U. S. pat. 2.409.274. 

414 Hanford. U. S. pat. 2.433.844. 

00 Cramer, U. S. pat. 2.456.176. 


70. 431 (1948). 
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(:NC0 2 Kt) 2 when reacted with tetrafluorocthvlene at 150° and under 
autogenous pressure yielded Et0 2 CN—CF 2 —CF 2 —NC0 2 Et. Prod¬ 


ucts similar to this are claimed to be useful additives to lubricants 
and transformer oils. 

Rausch 6 * 1 reacted tetrafluoroethylene and paraformaldehyde in the 
presence of sulfuric acid at 80° and at autogenous pressure, and obtained 
H0CH 2 CF 2 C0 2 II. In a similar fashion, starting with trifluoroethylene, 
H0CH 2 CHFC0 2 II was isolated. These acids are useful as intermedi¬ 
ates, and it is claimed that in salt form they function as fungicides and 
rodenticides. 

Barriek 6X demonstrated that 1-phenyl-2,2,3,3-tctrafluorocyclobutanc 
can be prepared by the reaction of tetrafluoroethylene and styrene at 
175° and under autogenous pressure or at 120° under 1000 to 2000 p.s.i. 



Tetrafluoroethylene and dienes 423 react to form unsaturated monomers 
which may be polymerized or copolymerized with other olefins. Meth- 
allyl ether and tetrafluoroethylene undergo reaction at 110° and under 

CF 2 —CII 2 CH 3 

I 1 I 

autogenous pressure to give CF 2 —C—C’II 2 —O—CH 2 —C—CH 2 . 

CH 3 

Tetrafluoroethylene reacts with chloroform in the presence of alumi¬ 
num chloride to yield trichlorotetrafluoropropane, 424 and Austin 624 
showed that dichlorofluoromethane reacts with tetrachloroethylenc 
in the presence of aluminum chloride at 30° and under autogenous 
pressure to yield fluorohexachloropropunc. In a similar fashion, chloro¬ 
form was reacted with trifluorovinyl chloride to yield tetrachloro- 
trifluoropropane. 

«i Rnasch. U. S. pat. 2.452.791. 

Barri« k. U. S. pat. 2.4G2.34G. 

Borrick. U. S. pat. 2.462.347. 

«• Joyce. U. S. pat. 2.462.402. 

Austin, U. S. pat. 2.449,3GU. 
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Potassium tetrafluoroethancsulfonale and potassium difluoroacctatc 
were obtained by Barrick «• by the reaction of potassium sulfite and 
tetrafluoroethylcne in the presence of benzoyl peroxide at a temperature 
of 120° and a pressure of 350 p.s.i. 

According to Coffman and Ford, 457 trifluorocthylenc formed a polymer 
of high molecular w eight in the presence of benzoyl peroxide at 80° and 
400 p.s.i. pressure. Although this polymer is relatively inert, it shows 
considerably more chemical reactivity than the corresponding tetra- 
fluoioethylene polymer and has, therefore, found little use. 

The preparation of solid polymers of trifluorovinyl chloride has been 
reported in the patent literature.”*-"* More recent investigations of 
the polymerization of this monomer have yielded high-melting plastic 
materials, which closely approach tetrafluoroethylene in chemical 
inertness. Miller and co-workers," 2 and later Belmore," 1 were successful 
in developing a satisfactory method for the production of polymers of 
lower molecular weight. To obtain polymers, for instance, in the oil 
range, the monomer was subjected to solution peroxide-initiated poly¬ 
merization. The solvent functions as a chain-transfer agent to control 
the molecular weight while maintaining high monomer conversions. 

Vinylidene fluoride will polymerize in rather poor yields in the 
presence of benzoyl peroxide at 80° and under 15,000 p.s.i. pressure. 
The yield of polymer is about 20%. Although this polymer has some 
interesting properties, it has no commercial value because of its lack of 
stability and high cost in comparison with competing products. 

Vinyl fluoride is readily obtained by the addition of hydrogen fluoride 
to acetylene in the presence of a mercury catalyst."*" W5 After vinyl 
fluoride is carefully freed from all traces of acetylene, it will polymerize 

«• Barrick, U. S. pat. 2.403.207. 

" ? Coffman and Ford. U. S. pat. 2,456.255. 

m I. G. Farbcnindustrie. Brit. pat. 465,520 [C. A.. 31. 7145 (1037)). 

m I. G. Farbcnindustrio. Fr. pat. 796.026 (C. A., 30. 5688 (1936)). 

I. G. Farbcnindustrie. Ger. pat. 677.071 |C. A., S3. 6999 (1939)). 

“ Pearson. Brit. pat. 678.168 [C. A.. 41. 1881 (1947)). 

“ Miller. Dittman, Ehrenfeld. and Prober. Ind. Eng. Chem .. 39. 333 (1917). 

*" Bolmoro. Ewalt, and Wojcik, ibid., 39. 338 (1947). 

Ford and Hanford. U. S. pat. 2.435.537. 

“ Grosso and Linn. J. Am. Chem. Soc.. 64. 2289 (1942). 

“* Hence and Pluoddeman, ibid.. 66, 587 (1943). 

4,7 E. I. du Pont dc Nemours & Co.. Brit. pat. 590.3S1 |C. A., 42, 333 (1948)|. 

Barney, U. S. pat. 2,437,148. 

m Salisbury, U. S. pat. 2.437,307. 

“•Sail. U. S. pat. 2,118.901. 

Ul Burk, Coffman, and Kalb. U. S. pat. 2.425.991. 

Imperial Chemical Industries. Brit. pat. 603,855 JC. A., 43. 660 (1949)). 






1116 ORGANIC CHEMISTRY 

with benzoyl peroxide catalyst at 80° and 10,000 p.s.i. pressure to a 
polymer which is very similar to polyethylene . 1 **-*'• 

A large number of investigations have been carried out on the co- 
polymerization of the fluoroolefins previously mentioned, as well as 
others. It is beyond the scope of this work to summarize these investi¬ 
gations in detail, lable III lists the various fluoroolefins whose poly¬ 
merizations have been studied. 

All the fluorinated olefins mentioned in this section will undergo 
telomerization reactions. This reaction with fluorinated olefins has not 
been investigated as thoroughly as has that with ethylene, to judge by 
an examination of the literature in this field. 

TABLE III 

Fi.uoroolefjn Polymerizations under Pressure 


Olefin-1 

Olefin-2 

Temperature, 

°C. 

Pressure, p.s.i. 

Reference 

C*F« 

C,CIF, 

40-200 

300-500 

650 

c,f 4 

SO, 

80 

50-15.000 

649 

c*f 4 

C,H,X, 

10-200 

300-500 

650 

c,f 4 

c,h 4 

50 

200-300 

652 

c,f 4 

c 4 h, 

65 

2100-2200 

652 

CiF 4 

CiHaO,* 

65 

1500-2200 

652 

c*f 4 

C,H,F 

55 

2300-2500 

052 

C*F 4 

c,h 4 

50 

300-350 

653 

CzF 4 

c 4 h« 

80 

2700 2900 

653 

CsF 4 

C,HF, 

.. 

13.000-15.000 

664 

CiF 4 

C«H«0,t 

80 

13.000-15.000 

664 

c,f 4 

c,h 4 

60 

12.000-15.000 

653 

c*f 4 

c,h 4 

75 

10.000-14.000 

653 

c,f 4 

c 4 h* 

50 

Autogenous 

653 

c,f 4 

C.H. 

90 

Autogenous 

653 

c,f 4 

C,H,F 

80 

3000-5000 

653 

c*f 4 

CjHtCl, 

75 

Autogenous 

653 

c*f 4 

C,H,F, 

80 

3200 

653 

C|F 4 

c*h 4 

40-200 

1000-3000 

669 

CjF 4 

c 4 h. 

40-200 

1000-3000 

669 

c*f 4 

c,h 4 

80 

13.000-15.000 

664 

c*f 4 

c,h 3 f 

80 

13.000-15.000 

664 

C,F 4 

CjCIFj 

60 

350-100 

653 

c,f 4 

c,h 4 

50-250 

>3000 

666 

c,f 4 

C 4 H 6 0,t 

150 

Autogenous 

653 


Newkirk. U. S. pal. 2.479.957. 

M * British Thomson-Houston Co.. Brit. put. G07.49U \C. A.. 43. 3059 (l!M9)|. 
ws CofTinan and Ford, U. S. pat. 2.419.008. 

M Coffman and Ford. U. S. pat. 2.419.009. 
m; Coffman and Ford. U. S. pat. 2.419.010. 
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TABLE III (Continued) 


Temperature, 


Olefin-1 

Olefin-2 

°C. 

Pressure, p.s.i. 

Reference 

C*F 4 


80 

Autogenous 

653 

c*f 4 

CiHsOj - 

80 

Autogenous 

653 

CjCIFj 

C5H3F 

40-150 

300-3000 

651 

C2CIF3 

CjHjCIF 

40-150 

300-3000 

651 

CjC 1 F 3 

CjCIjFj 

40-150 

300-3000 

651 

CjClFj 

c 3 h« 

100-150 

12.000-15,000 

659 

c.cif 3 

CjH 4 

100-150 

12.000-15,000 

059 

CtCIF, 

CjHF, 

40-150 

300 3000 

651 

C1CIF3 

CjH,Fj 

80 

300-3000 

651 

Q1CIF3 

CjH 4 

80 


663 

CjCIFj 

CtBrF* 

40-150 

300-3000 

651 

CiCIFj 

C,F« 

40-150 

300-3000 

651 

CiCIFj 

C 4 F.§ 

40-150 

300-100 

651 

C3CIF3 

c 4 h, 

100-150 

12.000-15,000 

659 

CjCIFa 

C5H3F 

80 

2400-2000 

668 

C1CIF3 

CjHjF, 

80 

2400-2000 

668 

CjCIF, 

c 4 f*§ 

40-150 

2000 

668 

C1CIF3 

c,f 4 

80 

350 -100 

668 

CiHjF 

C 4 OtHeF,|i 

180 

Autogenous 

655 

C*H 3 Cl 

C 4 0 jH 6 F,|| 

45 

Autogenous 

655 

CjHjCIF C,H,CI 

45 

Autogenous 

655 

CjHjFj 

CjH 4 

250 

0000-7000 

657 

C*HjFj 

CjHjF 

80 

12,000 13,000 

657 

CjHjF 

CjH 4 

80 

1800 

671 

CjHjFI 

c,f 4 f 

CjCIFa 

80 

1500-3200 

658 

C,H 4 CI 

CjF 4 

CjCIFj 

80 

1500-3200 

658 

CjH,CI 

CjF 4 

CjCIjFj 

80 

1500 3200 

658 

C1CI3F 

CjH 4 

80 

900-1000 

659 

CjHjCIF CjHjCIF 

50 


660 

CjHjCIF CjHjCIF 

20 

Autogenous 

661 

. c,h 3 f 

C 4 H» 0 -f 

50 

340-120 

662 

c,h 3 f 

CjH 4 Oj 1 

40 

340 -120 

662 

c«f 4 

cjh 3 f 

CjHjCI 

75 

>3000 

665 

CjCIFj 

CjHjF 

C*H,CI 

40-200 

1500-1000 

665 

CjBrFj 

CjHjF 

CjHsCl 

40-200 

1500-1000 

665 

CjF 4 

CjClF 3 

CjH a Cl 

40-200 


667 

CjH 4 

CsHaFjO," 

180 

30,000 

655 

c 4 f*§ 

c,h 4 

80 

12,000-15,000 

648 

CiF«§ 

CjF 4 

80 

30,000 

648 
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TABLE III ( Continued) 


Temperature, 


Olefin -1 

Olefin-2 

°C. 

Pressure, p.s.i. 

Reference 

C 4 H 4 FCI 

C 4 H 4 FCI 



654 

C 4 F«§ 

C1H4 

80 

12,000-15,000 

670 


c 4 h* 

50 

Autogenous 

656 

CgH^FaU 

CsH* 

50 

Autogenous 

656 


• Methyl methacrylate, 
t Vinyl acetate. 

J Vinyl propionate. 

§ Cyclic. 


|| Methyl a-difluoromcthylacrylate. 
f Vinyl formate. 

•• Methyl o-trifluoromethylacrylatc. 
ft Difluorostyrene. 
t! Trifluorostyrene. 


REFERENCES FOR TABLE III 

M Harmon. U. S. pat. 2.511.258. 

Harmon and Joyce. U. S. pat. 2.411.722. 

440 E. I. du Pont de Nemours & Co.. Brit. pat. 593.286 [C. A.. 42. 1454 (1948)1. 

E. I. du Pont do Nemours ft Co.. Brit. pat. 593.605 (C. A.. 42. 2139 (1948)|. 
“»Joyce and Sauer. U. S. pat. 2.479,367. 

*“ nanford and Roland. U. S. pat. 2.468,664. 

** Bock. Gcr. pat. 737.276 [C. A.. 38. 3875 (1944)1. 

•“Dickey. U. S. pat. 2.472.811. 

“• Dickoy and Stanin. U. S. pat. 2.475.423. 
ttJ Ford. U. S. pat. 2.468.054. 

« Martin. U. S. pat. 2.396.713. 

“• Hanford. U. S. pat. 2,392,378. 

Pearson, Brit. pat. 570.941 [C. A.. 40. &S86 (1946)J. 

Renoll. U. S. pat. 2,362.094. 

Thomas. U. S. pat. 2,406,717. 

«« E. I. du Pont de Nemours ft Co.. Brit. pat. 583.419 [C. A., 41, 2608 (1947)1. 
•“ Imperial Chemical Industries. Brit. pat. 583.482 ( C . A.. 41, 2939 (1947)). 

•“ Martin. U. S. pot. 2.409.948. 

E. I. du Pont de Nemours ft Co.. Brit. pat. 585.396 (C. A., 41, 4006 (1947)|. 

MT E. I. du Pont de Nemours ft Co.. Brit. pat. 593.2S6 [C. A.. 42, 1454 (1948)|. 

••• E. I. du Pont de Nemours ft Co.. Brit. pat. 593.605 [C. A., 42, 2139 (1948)]. 

•*» Imperial Chemical Industries. Brit. pat. 594,249 |C. A., 42, 2473 (1948)). 

• 70 Harmon. U. S. pat. 2,436,142. 

•» Coffman and Ford. U. S. pat. 2.419.009. 


COMMENT ON REACTIONS UNDER PRESSURE 

In addition to the preceding reactions which have been described in 
this chapter as occurring under pressure, it is realized that there arc 
many more reactions in which pressures up to 250 p.s.i. or thereabouts 
are used for various reasons. For instance, the oxidation of ethylene to 
ethylene oxide may be carried out at pressures up to 250 p.s.i., but the 
yield is no better than that at lower pressure, and the only reason for 
carrying out the reaction at 250 p.s.i. is to aid in removing the product 
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from the exit gases. Similar statements can be made for the reaction of 
organic acids with olefins such as ethylene and propylene to produce the 
corresponding esters. It was felt that these reactions fall into an entirely 
different category from those which have been discussed hero. 

The equipment for high-pressure reactions depends to a great extent 
on the type of data desired. For exploratory work, small easily assem¬ 
bled equipment is preferable, whether it be for batch or continuous op¬ 
eration. For batch operation the shaker tube is generally better than a 
stirred autoclave, because fewer mechanical difficulties arc encountered 
in its manipulation. For process data and plant design, it is necessary 
to carry out continuous recycle experiments, and for this type of work 
very elaborate equipment is required. 

Information on equipment for high-pressure work can be obtained 
from any of the leading manufacturers of high-pressure equipment, or 
from an article in Chemical Engineering.™ 
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INTRODUCTION 

From (he time of Liebig, regulated oxidation has been (he recognized 
experimental procedure for investigating the structure of any natural 
product, but it is only within comparatively recent years that methods 
of oxidation have been so elaborated that one can usually select a 
specific reagent that can be relied upon to attack particular groups 
only. 

Table I (p. 1122) summarizes the characteristics of the oxidizing 
agents now in common use, but it is important to realize that this 
summary depends upon accumulated practical experience of largely 
empirical nature and that, even today we are without adequate theoreti¬ 
cal knowledge of many of the critical factors which make particular 
covalent bonds in organic substances susceptible to attack by particular 
reagents. 

To a great extent our electronic theories fail to help us in under¬ 
standing oxidation processes because they deal more with the molecular 
statics of individual organic substances than with dynamic problems 
involving both the oxidizable substrate and the reagent which may be 
concerned. Thus no electronic, or wave-mechanic, formulation of the 
structure of a-pinene (I) can, per se, suffice to explain why it is attacked 
at the olefinic bond a by dilute permanganate, though at the C—C bond 
b by air and water, and at the “allylie” methylene group c or at c' by 
selenium dioxide. 

o' 

Hi 



i 
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To the inorganic chemist the electronic interpretation of oxidation 
is simple: Oxidation is electron withdrawal; reduction is electron gain; e.g., 

Oxidation 

Fe++ r~ ' > Fe +++ + c 

Reduction 

But the extension of this view to explain, for instance, why the reaction 
CH 3 —CH 2 —OH — * CH3 —CH=0 is an oxidation is not quite so 
obvious, since no atom has been deprived of its complete surrounding 
electron shell. 

A count of electrons shows, however, that whereas ethyl alcohol has 
20 valence electrons in its molecule, acetaldehyde has but 18. The or¬ 
ganic oxidation has thus removed two hydrogen nuclei together with two 
electrons, or in other words two neutral atoms of hydrogen, II •. As will 
be shown later, this simple example provides a valuable illustration of 
the useful generalization that “in organic chemistry oxidation is very 
often equivalent to dehydrogenation.” 1 

Another particularly important illustration of the way in which 
dehydrogenation can be regarded as the linking process between organic 
and inorganic oxidations is afforded by the reactions of the halogen 
elements. In inorganic chemistry these may act quite simply as electron 
removers, as in the equation 

+ + 

SnCl* + Cl 2 -> SnCU or Sn + + + Cl* -> Sn + + + 2C1" 

but in their simple substitution reactions with paraffins they act as 
hydrogen removers, as in the equation 

CII4 + Cl* — CHjCl + HCI 


This last reaction can l>e regarded as an oxidation, because methyl 
chloride on hydrolysis yields methyl alcohol, CII 3 OH, which is an 
oxidation derivative of methane. Indeed, the conversion of ClI 4 to 
CH 3 CI has drawn two electrons in methyl chloride to a state in which 
their mean position is so much further removed from the carbon nucleus 
than that of the other six that there remains n/i electro positively polar¬ 
ized C// 3 group on the dipolar CH 3 +>C1 molecule. Halogen substi¬ 
tution of paraffins, and of aromatic nuclei, can thus be regarded as a 
partial oxidation, since it effects a partial electron withdrawal from a 


carbon nucleus. . 

Halogen addition to olefins, too, is a partial oxidation, as in the reaction 
CH,=CH 2 -f ISr 2 - BrCII 2 -CH 2 Br, since ethylene has the same 
oxidation level as ethyl alcohol. 1I-CH 2 -CH 2 -0H while ethylene 
dil.romi.le can be hydrolyzed to the more highly oxidized compound 
ethylene glycol, H 0 -CH 2 -CH 2 - 0 H. Several oxidation reactions 
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involving addition to olefins will be considered in later puges; they all 
result in the drawing away of electrons from the C=C double bond. 

The study of electron movements within organic molecules can 
therefore be made the theoretical basis for the study of oxidation 
processes. Modern research, as always, endeavors to make this picture 
as exact a representation as possible. 

At present, though the physical chemist is able to compare the 
oxidizing powers of different inorganic reagents by reference to a scale 
of oxidation-reduction potentials, this approach is as yet of but slight 
value to the organic chemist because the majority of the reactions with 
which he deals are not thermodynamically reversible systems. Conse¬ 
quently, in seeking a rational approach to the theoretical interpretation 
of organic oxidation reactions it is essential to point out that, whereas 
reversible oxidation-reduction systems contain mobile electrons, which 
can at once be given up to or withdrawn from a metallic electrode, the 
electrons of organic molecules are, in general, so firmly bound into 
covalent links that a considerable amount of activation energy is needed 
for their removal. In other words one could say that the initiation of 
any organic oxidation reaction may require a considerable “overpo¬ 
tential.” 

Today it is known that in their chemical reactions covalent com¬ 
pounds can be disrupted in two different ways. Thus an electron-pair 
bond may either be broken symmetrically by a homolytic change in 
which each fragment acquires complete control over one of the electrons 
and so becomes a free, uncharged atom or compound radical, i.e., 

A:B —► A* 4- -B Homolysis 

or, alternatively, it may be broken unsymmctrically by a heterolytic 
change in which the two fragments become oppositely charged ions, i.e., 

A:B —* A + 4- (:B)“ Heterolysis 

The majority of the organic substitution, addition, or condensation 
reactions which can be effected in ionizing solvents such as water, 
alcohol, or acetic acid are heterolytic in type, and all these can con¬ 
sistently be interpreted by considering either (in unimolecular processes) 
the ionic dissociability of a single polarized molecule or (in bimolecular 
processes) the electrodynamics of the interaction between a charged ion 
and a polarizable molecule. Very few oxidation processes, however, can 
be treated theoretically in this simple way. Though it is well known that 
homolysis occurs regularly in most gas-phase reactions, and also in those 
thermal or photochemical dissociations which can be effected in non- 



1130 


ORGANIC CHEMISTRY 


ionizing solvents, such as benzene, it has only recently been recognized 1 
that quite a number of the “abnormal" liquid-phase reactions of organic 
substances are also homolytic in type, though they are essentially 
bimolecular processes. Unlike bimolecular heterolyses, which are com¬ 
pleted in a single operation, these bimolecular homolyses are but the 
individual stages in a complicated chain reaction, since when one active 
radical, A*, reacts with a covalent molecule, B:C, it generates a fresh 
radical, C-, electronically similar to A-, which can often bring about a 
further similar homolytic change. Consequently when a homolytic 
change has once been initiated it may be further propagated in quite a 
complex fashion. Thus 

A- + B:C A:B + C-1 

\ Reaction chain 
C- + D: A — C:D + A-J 


It is now becoming clear that the electronic abnormality of many 
oxidation processes is essentially due to the fact that they may involve 
homolytic rather than heterolytic changes. Thus the gas-phase reactions 
that are concerned in the combination of hydrogen with oxygen, or in 
the combustion of hydrocarbon vapors, seem to be paralleled very 
closely indeed by the much slower “autoxidations” of organic liquids. 
Again, the reactions that ensue from the homolytic decomposition of 
dibenzoyl peroxide (pp. 1132ff.) are dehydrogenations of exactly the type 
to which Wieland years ago 7 directed attention as characteristic of the 
vast majority of oxidation processes. Since these autoxidations and 
homolytic dehydrogenations, which have many features in common with 
the oxidations, can be effected with several other reagents, the postulate 
that oxidation is essentially homolytic in character is now a most attrac¬ 
tive one, 3 but since oxidizing agents are so diverse in chemical nature any 
sweeping generalization of this type should be treated circumspectly. 

Some oxidations, as for example those effected by nitrous acid or by 
alkaline hydrogen peroxide, can quite simply be represented by hetero¬ 
lytic condensations and hydrolyses of quite well-known types. Again, 
many oxidations, particularly those in which reagents undergo multiple 
electron changes, e.g., 

CrO, + 6H + + 3e -» Cr +++ + 3H 2 0 
(MnO«)- + 8H+ + 5e -> Mn ++ + 4H*0 


. Hey and Waters. Chan. Ras.. tl. 109-208 (1937); Waters. •‘The Chemistry of Free 
1 Compare HfcfcMb. O* >«• «* «l(1M«):/. 
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undoubtedly involve complicated reaction sequences in which both 
homolyses and hetcrolyses may be involved. Hence in a critical survey 
of oxidation processes each type of reaction must be considered sepa¬ 
rately. 

As Table I shows, several of the well-known oxidizing agents, such as 
permanganate or chromic acid, are sufficiently powerful to attack most 
organic groupings without much discrimination except in regard to the 
reaction velocity. In contrast, several newer oxidizing agents, such as 
lead tetraacetate, selenium dioxide, or osmium tetroxide, have specific 
actions upon organic groups of particular structural types. It is these 
specific reagents that first merit one’s special attention, since by study¬ 
ing their characteristics much may be learned about the relative suscepti¬ 
bilities to different chemical changes of covalent bonds of differing 
electronic character. Thereby one may acquire the necessary experi¬ 
mental knowledge for the development of more precise theories. As 
yet, however, most of our available information concerns qualitative 
preparative chemistry, and much remains to be done in studying the 
quantitative, and kinetic, aspects of organic oxidation reactions. 

The following pages, which deal with several oxidation reactions 
from the foregoing theoretical standpoint, show that in almost all 
instances present theories can do little more than touch the fringes of 
vast problems of both intricacy and interest.* 


DIACYL PEROXIDES 

Diacyl peroxides, such as dibenzoyl peroxide and diacetyl peroxide, 
are not regularly used, except as catalysts, for effect ing simple oxidat ions, 
but their reactions arc so cogent for the understanding of the mechanisms 
of oxidation in general, and of autoxidations, and of the reactions of 
lead tetraacetate (pp. 1185ff.) in particular, that they merit some consid¬ 
eration in this chapter. From the historical viewpoint it can be said that 
most of our fundamental knowledge of the behavior of free radicals in 
solution has depended upon studies of the reactions of dibenzoyl 
peroxide and that the theory of free radical processes which has emerged 
from this work has provided an essential background for the systematic 
interpretation of oxidation mechanisms. More recently, however, 
important details of both practical and theoretical nature have emerged 
from analogous studies of diacetyl peroxide and its aliphatic analogs. 

* It might bo stated here by the editors that Dr. W. A. Waters did not have the op¬ 
portunity provided other authors to bring his literature survey up to date. 
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Dibenzoyl Peroxide 

Dibenzoyl peroxide is, for a peroxide, a relatively stable substance, 
capable of purification by recrystallization in the normal manner, 
though it explodes on heating and slowly decomposes with evolution of 
carbon dioxide when warmed in solvents of all types. The work of 
Gelissen and Hermans and of Wieland and his colleagues established, 
and that of Hey confirmed, that though dibenzoyl peroxide by itself 
decomposes mainly to biphenyl and carbon dioxide, it is capable of 
reacting with organic solvents of all types either to oxidize them and to 
form benzene, or to yield biphenyl derivatives . 4 Thus in boiling benzene 
it gives carbon dioxide, biphenyl, and benzoic acid, together with smaller 
quantities of phenylbenzoate, ter phenyl, and quaterphenyl. Its decom¬ 
position in toluene gives a mixture of the 2-, 3-, and 4-methylbiphenyls, 
and its decomposition in pyridine a mixture of a-, 0-, and y-phenyl- 
pyridines. All these results are due to the primary formation of free 
phenyl radicals which either substitute directly in the aromatic nucleus 
of the solvent or act as dehydrogenating agents, and give benzene 
together with a new organic radical; thus 

Ph—CO—O—O—CO—Ph 3=* 2PI»—CO—O- 
Ph—CO—0- — Ph- + CO, 


Or Ph—CO—O—O—CO—Ph — Ph- + C0 2 + -O-CO—Ph followed 
by 

( 1 ) Ph- + C«H$X —* Ph—C«H«X (all orientations) + H- 

(2) Ph- + H—R — Ph—H -f -R 

(3) Ph—CO—0- + H—R — Ph—CO—0— H + R 


Hey was the first to direct attention to the experimental fact that these 
arylations did not obey the ordinary “laws of aromatic substitution," 
and he therefore inferred that free neutral phenyl radicals were con¬ 
cerned. Somewhat later, Wieland and his colleagues * substantiated 
this deduction by adding triphenylmethyl to their reacting systems and 
then isolating characteristic triphenylmethanc derivatives. For in¬ 
stance, when di-p-toluyl peroxide is decomposed in toluene containing 
triphenylmethyl, the products include p-toluic acid and triphenyl- 
methyl-p-toluate, Me—C 6 H 4 -COO-CPh 3 , indicating that the radical 


« For a fuller discussion, and detailed references, see Hoy and Waters. Chcm Revs.. 
21. 180 (1937): Waters. "The Chemistry of Free Radicals." Clarendon Press. Oxford 

<1 ”‘Wieland fl rfa/ 6 %ni». > 532. 160 (1937); Wieland and Meyer. Ann.. 551. 249 (1942). 
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Me—C 6 H 4 —CO—0 • must be one primary product. Again, when 
chlorobenzene is used as the solvent one reaction product is chloro- 
tetraphenylmethane, Cl—0 8 H 4 —CPh 3 , which shows that the reactions 
below must both occur. 

Me—C«H«- + Cl—C.H* — Me— C.H* + C,1I 4 —Cl 
Cl—C.H«. + CPIia -♦ Cl—C.H 4 —CPh, 

Similarly the decomposition of dibenzoyl peroxide in cyclohexane 
yields benzene, benzoic acid, and small quantities of both cyclohcxyl- 
benzoate and phcnylcyclohcxanc. 

Ph- + C*H„ Ph—H 4- C.Hu 
Ph- 4- C«Hir — Ph—C.H,, 

Ph—CO—O- 4- CiH„ -* Ph—CO—0—C 4 H 11 

These reactions show that the free phenyl radical can abstract the 
outermost atoms from almost any organic solvent molecule. For 
instance, dibenzoyl peroxide abstracts chlorine from both carbon 
tetrachloride and tetrachloroethylcne, giving, besides chlorobenzene, 
small quantities of hcxachloroethane and a,/3,0-triehlorostyrene respec¬ 
tively. 

Kinetic work by Nozaki and Bartlett* has shown that the rate of 
decomposition of dibenzoyl peroxide is dependent upon the solvent 
employed, as Table II shows. 

TABLE II 

Percentage Decomposition of Dibenzoyl Peroxide in 1 Hour at 79.8° 


Solvent 

Per Cent 

Solvent 

Per Cent 

Carbon tetrachloride 

13.5 

Broinobcnzene 

26.3 

Chloroform 

14.5 

Acetic anhydride 

48.5 

Benzene 

15.5 

Cyclohexane 

51.0 

Chlorobenzene 

18.0 

Ethyl acetate 

53.5 

Carbon disulfide 

19.0 

Acetic acid 

59.3 

Ethyl iodide 

23.4 

Pyridine 

77.3 

Styrene 

19.0 

Dioxane 

82.4 



Aniline 

Explosive 


This proves that the initial unimolecular decomposition of dibenzoyl 
peroxide is accompanied by a chain-reaction process, such as 

Ph—CO—0- 4- Ph—CO—O—O—CO—Ph -» 

CO, 4- Ph—CO—O—Ph 4- Ph—CO—O- 

• Nozaki and Bartlett. J. Am. Chm. Soc., 68. 1686 (1946). 
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In accordance with this view it was also found that substances such 
as hydroquinone, m-dinitrobenzene, and picric acid acted as “retarders” 
for the decomposition of dibenzoyl peroxide in acetic anhydride. Pre¬ 
sumably these compounds react to give less-active resonance-stabilized 
radicals which do not perpetuate the reaction chain. These results are 
of great significance in connection with the catalytic actions of the 
diacyl peroxides in both polymerization processes and autoxidations 
(p. 1138), for they show that a solvent or an “inhibitor” may influence 
the chain-starting action of the peroxide catalyst, in addition to affecting 
the ease of propagation and of termination of the main reaction chain. 
It may be noted too that, in general, aliphatic solvents are attacked 
more easily than aromatic solvents. This probably indicates that 
different C—H bonds are attacked by free radicals at very different 
speeds. However, it is not possible to use these results to compute 
directly the relative reactivities of C—H bonds, since a decomposing 
mixture from dibenzoyl peroxide contains free radicals of at least three 
types: (a) phenyl radicals, Ph-; (6) benzoate radicals, Ph—CO—0-; 
and (c) radicals derived from the solvent. 

When dibenzoyl peroxide decomposes in saturated aliphatic solvents 
its main reaction is a dehydrogenation which leads to oxidation of the 
solvent. As would be expected, the reaction between dibenzoyl peroxide 
and ethyl alcohol yields acetaldehyde. From isobutyl alcohol Gelisscn 
and Hermans 7 isolated, besides benzene and isobutyraldehyde, isobutyl 
benzoate and o- and p-isobutoxy ben zoic acids, while from the reaction 
with acetic acid they obtained small amounts of salicylic acid. These 
processes show that the secondary radicals from the solvents can oxidize 
the aromatic ring of the dibenzoyl peroxide itself. 

It is interesting, too, to note that ethers are very easily oxidized by 
dibenzoyl peroxide. Diethyl ether, for instance, yields I, # the benzoate 
of the hemiacctal, evidently by the reaction sequence 


Ph- -f CH*—CH*—0—CjH k — C.IU- 
CHa—CH—0—CjH* + O-CO—Hi 


H + CHj—CH—O—CjIU 
— CHj—CH—O—C*H* 
0—CO— I’ll 

I 


This facile oxidation of an ether, which is paralleled by the suscepti¬ 
bilities of ethers to undergo autoxidation (p. 1141), illustrates extremely 
well the great difference between reactions of free radicals and reactions 
of ionic type (e.g., hydrolyses). 

7 Gelisscn and Hermans. Ber., 68, 765 (1925). 

• Cass. J. Am. Chrm. Soc.. 69, 500 (1947). 
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The strong dehydrogenating action of free radicals is again exhibited 
in reactions of diacyl peroxides with certain olefins. For instance, 
Farmer and Michael 9 and, more recently, Hermans and Van Eyk, 10 
have shown that the decomposition of dibenzoyl peroxide in cyclohexenc 
yields benzene, benzoic acid, A 2 -cyclohexenyl benzoate, phenyl-A 2 -cyclo- 
hexene, A 2 -cyclohexenyl-A 2 -cyclohexcne, and small quantities of many 
other substances. Hence the following reactions, nearly all of which 
involve the methylene group of the system —CHj—CH=OII—, must 
occur. 

(1) ( ) + PhCOO- — ( Y + PhCOO— II 

\=/ (Ph) \=/ (PI.—H) 

(2) / y H +Phcoo. - / y H 

\=/ (Ph) \=/ X 0—COPh 

(—Ph) 


(3) 


(4) 


ct+oq^o 


+ H- 


0 + PhCOO • 
(Ph) 



COPh 


Olefins of the type RIt'C=CH 2 , such as styrene, vinyl acetate, methyl 
methacrylate, or butadiene, which do not contain the same active 
allylic group are not noticeably dehydrogenated but polymerize to 
long-chain molecules when treated with even a small percentage of a 
diacyl peroxide. By taking halogen-substituted diaroyl peroxides 11 
it has been proved that this action is due to the addition of the free 
radicals Ar- and ArCOO* to one end of the double bond. 


(5) Ar- + CHj=CRR' — Ar—CHj—CRR' 


(6) Ar—CH 2 —CRR' + CH,=CRR' — 

Ar—(CHj—CRR')—CHj—CRR' etc. 


A similar reaction probably takes place between free radicals and 
quinones (see p. 1137), though it eventually leads to the formation of a 


• Farmer and Michael, J. Chem. Soc.. 513 (1942). 

10 Hermans and Van Eyk. J. Polymer Set.. I, 407 (1940). 

" Pric « ai -* J - Am - Chtm - Soc., 63. 2798 (1941); 64. 1103, 2508 
Cohen, ibid., 65. 543 (1943). 


(1942); Bartlett and 
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stable substituted quinone, or to the di-ether or di-ester of a hydro- 
quinone. The quinone reaction takes place very easily indeed and is 
of great technical importance for controlling or inhibiting chain polymer¬ 
ization processes. 

Monohydric phenols and aromatic amines can also be used in much 
the same way as inhibitors of polymerizations or autoxidations. With 
these substances there may result a dehydrogenation process effected 
by the benzoate radical since free benzoic acid is formed in quantity. 
Gambarjan 12 has shown that dibenzoyl peroxide reacts with secondary 
amines, such as piperidine or dibenzylamine, to give the benzoates of 
the corresponding hydroxy la mines. 

(Ph—CH*)jN—H 4- (Ph— CO— 0), — 

(Ph—CH,),N—OCOPh + Ph—CO—0—H 

but it introduces a hydroxyl group into the aromatic ring of diphenyl- 
amine. 13 Again, benzoate groups can be introduced into the aromatic 
nucleus of monohydric phenols. 14 


Diacetyl Peroxide 


Kharasch and his colleagues have shown that nearly all these reactions 
of dibenzoyl peroxide are paralleled by reactions of the less-stable com¬ 
pound, diacetyl peroxide, CH 3 —CO—0—0—CO—CH 3 , and its hom- 
ologs. 15 For instance, when diacetyl peroxide is heated in acetic acid, 
or acetic anhydride, solution it yields carbon dioxide, methane, ethylene, 
succinic acid, and methyl acetate, which proves that all the following 
reactions must occur. 

(CH a — CO— 0 — )* ♦=* 2CHj—CO—O- CHa—CO— 0- -* CHj- + C0 2 

CHj* + O-CO-CH, — CHr-O—CO-CH 3 
CH 3 - + CHa-CO-OH -> CH 4 + CH*—CO-OH 

2 CHa—CO—OH -* HOOC—CHa—CHa—COOH 


Here, again, free radicals of quite different degrees of reactivity arc 
involved. On theoretical grounds it is thought that it is the active free 
methyl radical, -CH 3 , which dehydrogenates the C—II bonds of acetic 
acid- the resonance-stabilized CH 2 -COOH radical persists until it 
dimerizes. This oxidation of acetic acid to succinic acid is a reaction 
of particular interest, since, as a rule, acetic acid is particularly stable 

» Gambarjan. Bcr., 58. 1775 (1925); Gambarjan and Cialtician. Brr., 60. 390 (1927). 
“ Gambarjan. Brr.. 42. 4003 (1909). 

ford (1946). pp. 138-141. 
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to strong oxidizing agents. However, when it docs react chemically 
(e.g., with chromium trioxide, p. I20G, or with selenium dioxide, p. 1228) 
it gives traces of succinic acid, and the mode of biochemical oxidation 
of acetic acid is supposed to take a similar course. 

More recently Kharasch and his colleagues have extended this work 
to several other aliphatic acids and their derivatives, and have shown 
that this dimerization by hydrogen abstraction at the o-carbon atom 
regularly occurs. It is of interest to note that the oxidation of chloro- 
acctic acid gives a mixture of both the meso and the racemic forms of 
a.a'-dichlorosuccinic acid. 1 * Free methyl radicals generated in this way 
can effect, by hydrogen abstraction, the oxidations of many other 
aliphatic compounds, though from halogen derivatives they often 
abstract the halogen atoms preferentially. Still further work is needed, 
however, to make clear the scope and utility of diacctyl peroxide as an 
oxidizing agent. 

The reaction between a quinonc and a diacyl peroxide, to which 
reference has already been made, was discovered in 1942 by Ficser and 
Oxford 17 for the case of diacetyl peroxide and was actually the outcome 
of a study of the reactivity of lead tetraacetate (p. 1180). They found 
that quinones could easily be alkylated by boiling with a solution of a 
diacyl peroxide in acetic acid. This useful reaction is usually represented 
as an addition process, though at some stage it must involve a dehydro¬ 
genation. 


+ CH, 


| Tautomeric cliancc 



O—H 

A semiquinonc radical 


“ Kharasch, Jensen, and Urry. J. Org Chrm.. 10. 386 (1945) 
17 Ficser and Oxford. J. Am. Chem. See., 64. 2060 (1942). 
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It is of interest to note that this substitution of quinones can be 
carried out with nearly all diacyl peroxides. Even the peroxides of 
unsaturated acids, such as cinnamic acid and undecenoic acid, can be 
used; they introduce unsaturated radicals into the quinonoid ring in 
quite good yield. Aliphatic peroxides again can be used to alkylate 
aromatic nitro compounds '• just as dibenzoyl peroxide can be used 
to arylate nitrobenzene, and again this substitution reaction involves 
at some stage a hydrogen abstraction. 

However, slight but significant differences between the reactivities 
of free phenyl and free methyl radicals are now becoming evident. For 
instance, it is doubtful that methyl radicals can substitute the aromatic 
nuclei of benzene or toluene. Unlike phenyl radicals, they easily attack 
the side chains of both toluene and ethylbenzene. 19 

To summarize the reactions of the diacyl peroxides, therefore, it may 
be said that they involve neutral radical formation, and thereafter are 
chiefly dehydrogenation, or alternatively addition, processes. As 
subsequent pages will show, these dehydrogenation processes can be 
taken as models for explaining the mechanisms of action of many other 
oxidizing agents. 

AUTOXIDATION 


The term “autoxidation” * is applied generally to the comparatively 
slow oxidations which can be effected by free oxygen (e g., by air) at 
moderate temperatures and may be contrasted with the rapid processes 
of combustion or inflammation which set in at high temperatures under 
less controllable conditions. Autoxidations are not confined to organic 
substances. For instance, the slow oxidation of sulfites to sulfates, the 
liberation of sulfur from sulfides, and many of the secondary processes 
which accompany the corrosion of metals are typical autoxidations. 

From the technical viewpoint, the autoxidation of organic compounds 
has long been a subject of great economic importance. Thus oxygen 
uptake is responsible for the deterioration of edible fats and oils on 
prolonged storage, for the perishing of rubber articles, and for the 
deposition of undesirable sludges from hydrocarbon oils of many types. 
Sometimes it can be turned to practical advantage. For instance, the 
“drying” of oil-bound paints is due to the concurrent oxidation and 
polymerization of highly unsaturated oils, containing groupings such as 
H CH== CH—CH 2 —CH=CH—. and this same process comprises the 
scientific background of the linoleum industry. Much of the technical 


it Ficaor. Clapp, and Daudt. ibid.. 64, 2053 (1942). 
i* Kharasch. McBay. and Urry. J- O'g. Chrm.. 10, 401 (1945). . 
• The term should more correctly be written aut<*>ndat,on. 
spelling has now become customary. 


but the nbbroviatoJ 



OXIDATION PROCESSES 


1139 


literature concerning this subject is, however, uncoordinated and most 
difficult to interpret chemically. 

It has long been known, for instance, that autoxidation is promoted 
by light and by small quantities of many catalysts, notably the oxides 
and oil-soluble salts of heavy metals, such as copper, cobalt, manganese, 
and lead, as well as by various “peroxidic” substances. Again, it can 
be markedly retarded, if not completely inhibited, by mere traces of 
oxidizable organic substances, including alcohols, phenols, and amines, 
many of which occur naturally as protectants of unrefined plant, und 
animal products. 20 For many years this information was one of the 
most baffling aspects of chemical catalysis, particularly since the cogent 
experimental data are often unreproducible unless extraordinarily 
careful precautions are taken in purifying the materials and in cleaning 
and maintaining the exact identity of the apparatus used. Now, 
however, the recognition of the fact that both the initiation and the 
inhibition of chemical changes by mere traces of impurities are charac¬ 
teristic features of chain reactions has made clear the correct lines of 
kinetic approach to the subject. However, only one aspect of the 
subject can be revealed by a study of reaction rates, and other experi¬ 
mental methods must be used in order to discover the exact way in 
which molecular oxygen attacks organic molecules. 

Analytical studies showed, many years ago, that, at least in the 
initial stages, peroxides were characteristic products of almost all the 
autoxidations of organic compounds. Thus the autoxidation of benzalde- 
hyde at first yields a comparatively high percentage of perbenzoic acid, 
Ph—CO—0—OH, and relatively little benzoic acid (Fig. I), while 
ethers, olefins, and aromatic hydrocarbons containing aliphatic side 
chains all give positive peroxide reactions after prolonged exposure to 
air and light. However, as the autoxidation proceeds the peroxide 
content of the product often becomes insignificant in relation to the 
total oxygen uptake, since the initial peroxides break down to complex 
mixtures of more-stable products. 

At the end of the last century, Engler and Bach ,0 « independently 
suggested that autoxidation involved the primary addition of a mole¬ 
cule of oxygen to the susceptible molecule and the formation of an 
unstable product which subsequently broke down or handed on its 
oxygen to other substances; e.g., 

A + 0 * —♦ AOi: AOj + B —♦ AO + BO 
For instance, the primary product of benzaldehyde oxidation is per- 
Mo™ 0mpar0 " The Rotardalion of Chemical Reactions." E. Arnold & Co.. London 

*°* En S ,or ’ Ber - 3S - 10 »7 (1900); Bach. Compi. rend., 951 (1897). 



1140 


ORGANIC CHEMISTRY 


benzoic acid, which, as Baeyer and Yilliger showed, 21 can oxidize fresh 
benzaldehvde to benzoic acid. 

O—OH 

Ph—CHO + 0: -* Ph— 

0 

O—OH OH 

Ph—CHO + Ph— c/ -* 2Ph— 

0 0 


As Fig. I shows, the stable end product is evidently produced by a 
reaction occurring after the oxygen absorption. 



Fio. 1. Autoxidation of benzaldt-hyde. 


According to the Fngler-Bach theory’, the autoxidation of olefins was 
for a long time represented as an initial addition of oxygen at the double 
bond and a subsequent fission of this unstable "moloxide,” in a way anal¬ 
ogous to the formation and breakdown of an ozonide (pp. 1174ff.); e.g., 


Ph ; C=CH ? 

+ 

0=0 


—► Ph;C—CH* 

I I 

()—0 



Ph s C ch 2 

11 + II 

o o 


11 Baoyer and Villigcr, Bcr., 33. 1569 (1900). 
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Again, ethers have been represented as adding on 0 2 at the ethereal 
oxygen atom. More recently, however, it has become clear that when 
oxygen attacks organic molecules the initial product is nearly always a 
hydroperoxide, R—O—O—H, formed by attack at a C—H bond. Thus 
the initial product of the autoxidation of ether is IIa. K 

CH=CH O—O—II 

/ \ / 

HjC C 

\ / \ 

CH*—CH* H 

II« 1I& 

In the case of olefins, the first clear evidence of the real point of attack 
was due to Criegee, Pilz, and Flygare,** who showed that the liquid 
peroxide obtained by autoxidation of cyclohexene in ultraviolet light 
was the unsaturated hydroperoxide 116, since (a) it was reduced by 
sodium sulfite to cyclohcxenol, (6) it contained one active hydrogen 
atom, and (c) it would absorb one atom of bromine per mole. 

At about the same time Hock and Neuwirth * 4 showed that 1-hexene 
(III) autoxidizes to IV. 


OH*—CH—0—C*H» 
I 

O—OH 


CjHj —CH*—CH—CH* — C,Ht—CH—CH=CH 5 


I 


in 


O—OH 

IV 


A little later, E. H. Farmer and his colleugues in England substanti¬ 
ated this work and by careful fractional distillation at temperatures 
below 100°, using pressures ranging down to 10~ 5 mm., isolated the 
hydroperoxides derived from several hydrocarbons of the terpene series 
and also from unsaturated esters, such as methyl oleate, ethyl linolcate, 
and ethyl linolenate, corresponding to the “drying oils” of the paint 
industry” They showed conclusively that in each case the point of 
oxygen attack at room temperature was a methylene group adjacent to a 
double bond and that the olefinic character of the autoxidized product 
was not immediately destroyed but that it decreased only in the later 
stages of the autoxidation as the primary hydroperoxide broke down. 
There is evidence, however,” to indicate that at higher temperatures 
(over 80°) the double bond is attacked almost at once. 


unSnn.' J ' Am ' Ckm ’ “ 1107 <l922 ’' RiKh ' “ d M ««*. -*»««. CW, 49. 
n Criegco. Pi!*, and Flygare. Bcr.. 72, 1799 (1939). 

14 Hock and Neuwirth, Ber., 72, 1562 (1939). 

«M2^9 r < ;*T.J SoC , - 121 (1M2): “ d Sutton. Ml., 139 

" aJk ,1 !‘ ( J*???**• 541 (1943): SutU>n - *«•. 242 (1944). 

Atherton and Hilditch. ibid., 105 (1944). ' 



1142 


ORGANIC CHEMISTRY 


Since this reactivity at the a-methylenic, or “allyl," position has been 
found to be characteristic of oxidation by means of dibenzoyl peroxide, 
in which case free radicals are definitely involved (pp. 1132ff.), Farmer 27 
concluded that the autoxidation of olefins was essentially a free-radical 
chain reaction in which (1) a trace of a radical-producing catalyst (R-)> 
or perhaps a photochemically activated oxygen molecule, produces the 
free allyl radical V by dehydrogenation 

(1) R • + R'—CHj—CH=CH—R" — R—H+R'—CH—CH=CH—R" 

v 

(2) thereupon the allylic radical V combines with an oxygen molecule 
to produce a peroxide radical (VI) which, (3), like the primary catalyst 
(R-), can dehydrogenate more olefin to V. 

(2) R'—CH—CH=CH—R" + 0* — 

R'—CH—CH=CH—R" Reaction chain 

I 

0 — 0 * 

VI 

(3) R'—CH—CH=CH—R" + R'—CHj—CH=CH—R" — 

I 

0 - 0 - 

R'—CII—CH=CH—R" + R'—CH—CH*CH—R" 
0—O—H 

Processes (2) and (3) can thereupon continue as a repetitive chain 
reaction until the radicals V and VI are destroyed by chain-breaking 
side reactions. 

Moreover, Farmer pointed out that the a-methylenic activity of 
olefins is ascribable to the fact that the primary radical V is actually a 
resonance hybrid of two structures, Va and V6, in which the odd electron 

R'—CH—CH=CH— R /# R'—CH=CH—CH—R" 

a P t a»t 

Vo V6 

may be found cither at C a or at C T . Consequently the activation energy 
required to produce the mesomeric radical V from the original olefin 

£/_cpj 2 _ ch=CH—R /# is much less than that required for the 

removal of a hydrogen atom from a -CH 2 - group in a saturated 
paraffin chain and somewhat less than that required to activate a double 

* T Farmer. Tran$. Faraday Soc., 38. 340 (1942). 


OXIDATION PROCESSES 


1143 


bond. In accordance with this view he then showed that unsymmetrical 
olefins regularly produced mixtures of isomeric hydroperoxides, e.g., 


CH,—(CHj)«—CH—CH=CH—(CH*)j—COOH 

I 

0—0—H 

and CHa—(CH ? )r-CH=CH—CH—(CH 2 )e—COOII 

I 

O—O—H 

Oleic acid, hydroperoxides 


For this reason the autoxidation of even a simple olefin produces quite 
a complex mixture of products. 

By extending this concept it is easy to see that the great susceptibility 
towards autoxidation of the drying oils is due to the presence of the 
group — CH 2 —CH=CH—CH 2 —CH=CH—CH 2 —, from which five 
carbon atoms can be involved in a resonance system. As would be 
expected the initial point of attack is principally the sensitive — CIf 2 — 
group situated between the double bonds.* 1 

By the logical development of this free-radical theory nearly all 
features of autoxidations of other organic compounds can be satis¬ 
factorily explained. For instance, hydrocarbon side chains attached to 
aromatic nuclei arc invariably attacked in the a-position whenever a 
resonance-stabilized analog of the benzyl radical can be produced 
(Vila, b, c). Thus ethylbenzene gives the peroxide VIII while tertiary 
butylbenzene does not autoxidize. 



CHj 

CH* 


1 

II 


C 

C 

4 

' \ 

/ \ 

HC 

CH 

HC CH 

1 

II 

II II 

HC 

CH 

HC CH 


* / 

\ / 


CH 

CH 


a 

b 

VII 


CHj 

II 

C CH, 

/ V I 

HC CH CH—O—O—H 



€ 

VIII 


Again, ethers are attacked at C—H groups adjacent to the oxygen atom. 

CH,—CH—6—C,H, raesomeric with CH,—CH—0—C 2 H 6 

• • 

In the light of this general theory, earlier studies by Ziegler and his 
colleagues *• of the reaction between triphenyl methyl and oxygen are 
* Gunatone and Hilditch, J. Chem. Soc., 836 (1945). 

” **** « aL > Atm - 6<>*. 162. 182. 189 (1933); compare Ann., 551, 206. 213 (1942). 
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significant because they demonstrate conclusively the dehydrogenating 
power of peroxide radicals of the type R—0—0-. In the course of a 
study of the dissociation of hexaphenylethane, Ziegler showed that, 
whereas its reactions with both iodine and nitric oxide proceeded at a 
rate that was dependent solely upon the rate of formation of triphenyl- 
methyl radicals, 


Ph 3 C—CPI 13 -> 2PhjC- Ph 3 C • + NO —» Ph 3 C—NO 

Ra«r determining Fast 

the absorption of oxygen occurred much more rapidly and was evidently 
a chain-reaction process involving the Ph 3 C—O-O- radical, 


PhjC* + O—0- 
• • • • 

Ph 3 C—O—0- + Ph 3 C—CPh, 


Ph 3 C—O—0- 

Ph 3 C—O—O—CPh 3 + Ph 3 C • J 


Chain 


since in the presence of pyrogallol there was formed the hydroperoxide 
Ph 3 C—0—0—H at a rate equal to the rate of reaction of hexaphenyl¬ 
ethane with nitric oxide. The pyrogallol thus acted as a chain breaker 
by providing easily available hydrogen atoms. Moreover, Ziegler and 
Ewald found that if an autoxidizable aldehyde, or olefin, were added to 
this reaction mixture then the Ph 3 C—0—0- radical brought about 
a rapid autoxidation of the added substance. Some 40 to 50 molecules 
of anisaldehyde could be oxidized for each molecule of hexaphenylethane 
and, in the optimum case, several grams of dimethylbenzofulvene per 
milligram of hexaphenylethane. This induced autoxidation is due to the 
dehydrogenating action of the R—O—O* radical, which thereupon 
produces from the aldehyde or olefin active free radicals which combine 
with molecular oxygen much more rapidly than does the triphenyl- 
methyl radical; i.e., 

Ph 3 C—O—O* + Ar—CH=0 - Ph 3 C-0-0-H + Ar-C=0 


followed by 

Ai 


-C =0 + -0—0 


Ar -°< 


0-0 


0 


0-0- H 

-c< + *- C < 

0 0 


Ar—C 




O— O—H 


+ Ar—C=0 


0 


The actions of many other catalysts in promoting autoxidations are 
exactly similar to this. On the technical scale, for instance, many 
autoxidations are promoted by adding a small amount of d.benzoyl 
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peroxide, which acts by yielding free phenyl radicals which thereupon 
dehydrogenate the oxidizable substrate. 

Ph—CO—O—O—CO—PI. — Ph—CO—O- + Ph- + CO, 

Ph- + Ar—CH=0 — Ph—II + Ai—6=0 


Benzene diazoacetate, load tetraacetate, and several other substances 
which can liberate free alkyl or aryl radicals by spontaneous thermal 
decomposition act in exactly the same way. 30 From this work it may be 
concluded that, though oxygen gas has a paramagnetic molecule which 
at room temperature exists in a triplet state and can therefore be formu¬ 
lated as a diradical, -O—0-, rather than as 0=0, it does not itself 
resemble the active free radicals such as methyl, -0113, but is even less 
reactive than nitric oxide, which Pauling has written with a 3-elcctron 
bond. This indicates that there must be a considerable amount of 
resonance stabilization of the orbitals of the two unpaired electrons of 
the oxygen molecule. However, it is clear that when any organic free 
radical has reacted with molecular oxygen it yields a univalent peroxide 
radical R—0—O* in which this resonance stabilization has been de¬ 
stroyed. Consequently peroxide radicals R—0—O- are able to attack 
many C—H bonds even at room temperature. 

The extent to which peroxide radicals can attack C=C bonds is as 
yet somewhat uncertain. The work of Hilditch has made it clear that 
ethylenic links are directly attacked at somewhat elevated temperatures 
and that many olefins, such as styrene, can be instanced in which autoxi- 
dation does not involve an allylic system. However, the well-established 
fact that oxygen can act as a chain breaker in olefin polymerization 
indicates that the reaction between a R—O—0- radical and a C=C 
bond must be slow at room temperature, and it has been shown that 
the H—0—O- radical is unable to add on to the double bond of a vinyl 
compound to initiate polymerization. 31 

On the basis of this work of Ziegler and his colleagues it hus been 
possible to explain the major kinetic features of autoxidations carried 
out without the deliberate addition of a peroxide catalyst. Very many 
substances, such as tetralin which happens to be particularly convenient 
for experimental study, give react ion-velocity curves of the type of 
Fig. 2 indicative of auiocatalysis. 

If the material has been reasonably well purified, the rate of oxygen 
uptake is at first negligibly slow (curve A, section i), but after this 
"induction period” it gradually accelerates with time (section ii) until a 


" RoI * rteon “ d Waters. Trans. Faraday Sac.. 42. 201 (1946); J. Chcm. Soc 492 (1947); 
>' atere, Trans. Faraday Soc., 42. 184 (1946). 

11 Barb, Boxcndale, George, and Hargrave. Nature, 163. 692 (1949). 
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limiting reaction velocity is reached (section iii), after which the rate 
of oxygen absorption often slackens off (section iv) and may become 
negligible when little more than half of the original material has been 
oxidized.* The acceleration with time of the rate of oxygen absorption 
indicates that the oxidizable material is producing a fresh chain-starting 
catalyst, or, alternatively, that the chain length for the oxygen-uptake 
process is increasing. Several kinetic studies with tetralin, 32 ethyl 
linoleate, 33 and other substances have shown that in the accelerating 



stage (ii) of the reaction the rate of oxygen uptake is a simple function 
of the peroxide content of the liquid. Consequently it can be concluded 
that the organic hydroperoxide which is the first product of the autoxi- 
dation acts, like dibenzoyl peroxide, by decomposing to give fresh free 
radicals with chain-starting power. 

In the case of tetralin autoxidation it has been shown that the corre¬ 
sponding hydroperoxide (IX), which can easily be isolated as a crystalline 


H O—O—H 

\ / 

C 



IX 


. l or son* aubsUncc*. particular section* of this autoxidation curve may l* cur- 
tailed until they arc insignificant. 

» Bol^nd'^Z*^' UM- 218 Holland and Gee. 7 Yon*. Faraday 

Soc.. 42, 23G (194G). 
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solid, is an immediate catalyst for the autoxidation of tctralin (Fig. 2, 
curve B). Moreover, tetralin hydroperoxide can be used like dibenzoyl 
peroxide, for initiating the chain polymerization of olefins such as 
styrene, methyl methacrylate, or chlorobutadienc, and this polymeri¬ 
zation is undoubtedly a free-radical process. The thermal decomposition 
of tetralin hydroperoxide is very complex, though superficially it is 
kinetically unimolecular. About half the material decomposes, by what 
may be an intramolecular process, to the ketone, o-tetralone, and water, 

CioHn—0—Oil — C,oH, 0 0 + H,0 

but the rest of the material is converted into a complex mixture of 
products, including o-tetralol, C, 0 HuOH, acids, and phenols, together 
with water, and even free oxygen. But this mixture is exactly what one 
would anticipate finding from a decomposition to active free radicals, 

CioHi.O—O—H -> CmHuO* + O—H 

which thereupon interacted with each other and with vicinal molecules 
of all types.* A kinetic analysis indicates that of these radicals it is 
probably the free hydroxyl radical which becomes the additional chain- 
starting agent in the autocatalysis of the autoxidation, and this con¬ 
clusion is substantiated by independent evidence concerning the chemical 
reactions of free hydroxyl (p. 1158). The decompositions of few other 
hydroperoxides have been studied in such detail, but it would seem that 
the occurrence of these secondary reactions consequent upon the break¬ 
down of the initial hydroperoxides is quite a general feature of autoxi¬ 
dation. Farmer and his colleagues, for example, ascribe eventual loss 
of unsaturation of olefins after autoxidation to reactions between the 
primary hydroperoxides and the remaining unsaturated molecules, and 
there is much evidence to support the view that these secondary reactions 
include the addition of hydroxyl radicals to olcfinic bonds. A. D. Walsh 
has put forward the further suggestion that carbon-carbon bond fission 
may follow; thus the combustion of isooctanc may proceed by the 
sequence 

MejC—CH a —CHMe* + 0, -♦ 

Me*C—CHj—CM c 2 —O—OH (Autoxidation) 
Me a C—CH a —CMe 2 —O—OH — Me*C—CH*—CMe,0 • + OH 
MejC—CHj—CMejO • — Me,C—CH S - + Me*C=0 
MeaC—CHf + 0=0 -» Me s C—CH*—O—O • etc. 

MeaC—CHj—CHMcj + OH —» II—OH + Me,C—CH*—CMej etc. 
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and in this way free alkyl radicals may be formed. 54 In this connection 
it is significant to note that di-fert-butyl peroxide undergoes a smooth 
decomposition in the vapor phase to acetone and free methyl radicals 35 

(CH 3 ) 3 C 0 0 C(CH 3 ) 3 —» 2(CH 3 ) 3 C—0- Rate-determining 

(CH 3 ) 3 C—0- -► CH S —CO—CH 3 + -CH 3 Fast 

and a very similar decomposition occurs when the (CH 3 ) 3 C—0- radical 
is produced in aqueous solution by the oxidation of ferj-butyl alcohol. 36 
Many kinetic studies of the regulated gas-phase oxidation of hydro¬ 
carbons 37 indicate that only by postulating that rapid decompositions 
of unstable radicals of the above types do occur is it possible to explain 
the way in which the higher paraffins are so easily broken down to 
oxides of carbon, rather than to organic compounds of higher molecular 
weight, once combustion does set in. On theoretical grounds Walsh 
concluded that for the saturated hydrocarbons themselves the order of 
preferential attack of oxygen (or rather of free radicals R • or R—0—0 •) 
was tertiary CH > secondary CH 2 > primary CH 3 . This certainly 
accords with experimental evidence relating to liquid-phase autoxi- 
dation 38 since it is well known that branched-chain hydrocarbons are 
the most susceptible to attack, and that naphthenes are attacked at the 
points of substitution of their ring systems. Decalin, for instance, has 
been shown to autoxidize to the hydroperoxide X: ” 

O—OH 

H,C I CH, 

/ \l/ \ 

CH, C CH, 

I I I 

CH, C CH, 

H,C | CH, 

H 

x 


On the other hand, Hinshelwood and his colleagues have shown that 
in gas-phase oxidations the normal paraffins oxidize much more rapidly 
than their branched-chain isomers. Under these circumstances it may 
well be that the susceptibility to oxidation of the original hydrocarbon 


* Walsh, Trans. Faraday Soc.. 42, 269 (1946); see also Waters, Ann. Repls. on Progress 
Chem. ( Chem. Soc. London). 42, 133-151 (1945). 

* Raley, Rust, and Vaughan. /. Am. Chtm. Soc.. 70. SS (1948); Rust. Soubold. and 
Vaughan, ibid.. 70. 95 (1948); Milaa and Surgenor. ibid.. 68. 205 (1946). 

18 Mere and Waters, J. Chem. Soc., S, 15 (1949). 

j: See Hinshelwood ei al.. Faraday Soc. Discussions. 2 (1947). 

M Larsen. Thorpe, and Armfield. Ind. Eng. Chem.. 34. 183 (1942). 

*• Criegee, Ber .TI. 22 (1944). 
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is much less important than the rates of decomposition of the ensuing 
hydroperoxides, and a good deal of experimental evidence is now accumu¬ 
lating to indicate that the stability of hydroperoxides follows the order 



R 

\ 

H—C—O—OH 

/ 

R 


\ 

H—C—0—OH 

/ 

H 

Least stable 


ter/-Butyl hydroperoxide, for instance, is a remarkably stable sub¬ 
stance 40 which can easily be prepared and handled as a laboratory 
reagent (p. 1156), whereas ethyl hydroperoxide is dangerously unstable. 

The fact that many autoxidations cease long before all the original 
material has been oxidized (section iv of curve A, Fig. 2) can also be 
ascribed to the outcome of the hydroperoxide breakdown. Thus in the 
case of tetralin it has been shown that at least one of the complex 
carbon-carbon bond fission processes produces a phenolic product 
which, like simpler phenols such as a-naphthol or hydroquinone, mark¬ 
edly inhibits oxygen uptake. It is now fairly certain that the "inhi¬ 
bition” or "retardation” of autoxidation by traces of phenols, amines, 
and other easily oxidized substances is due to their chain-breaking 
action upon the primary oxygen-uptake cycle. These inhibitors contain 
reactive hydrogen atoms with which the free hydrocarbon, or peroxide, 
radicals promptly react, so as to leave resonance-stabilized semiquinones 
which are incapable of abstracting hydrogen from C—H bonds and so 
continuing the oxidation chain. 4 ' Thus 


R- + H—O—C 


CH=CH 

/ \ 


C—O—H 


CH—CH 


CH=CH 

/ \ 

-* R—H + O—C C—OH 

S ✓ 

CH—CH 


The kinetics of this inhibition has been worked out fairly carefully by 
George, Rideal, and Robertson 42 for tetralin. For ethyl linoleate, 
Holland and ten Have have, by exceedingly careful work, demonstrated 
that the chain-breaking process is the reaction between the hydroperoxide 
radicals R — 0 —O* and the quinol and have shown that the relative 

40 Milas. J. Am. Chem. Soc., 69, 2342 (1937); Milas and Surgenor, ibid., 68. 205 (1946). 

u Compare Waters. Trans. Faraday Soc., 37. 770 (1941); Michaelis. Chem. Re re.. 16. 
242 (1935). 

"George, Rideal. and Robertson. Proc. Roy. Soc. (London), A185, 288 (1946). 

“ Bolland and ten Have. Trane. Faraday Soc., 43. 201 (1947); Faraday Soc. Discussions, 
2, 252 (1947). 
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inhibiting powers of different substituted quinols is directly related to 
their oxidation-reduction potentials (i.e., to the ease of hydrogen atom, 
or electron, release). Quinones, too, are powerful inhibitors; presumably 
they act by combining with free radicals (compare p. 1137). 43a In the 
past it was often supposed that inhibitors acted by destroying peroxide 
molecules, but it has been clearly shown that this is not the case. 44 

In unrefined fats and oils, the minor constituents such as the tocoph- 
erols, flavanols, and carotenoid pigments constitute the natural pro¬ 
tectants against autoxidation, and unfortunately these substances 
are often destroyed in refining processes. It is therefore significant 
to note that, since the chain-breaking action of inhibitors oxidizes the 
inhibitor molecule, the storage properties of a natural oil can be gauged 
by analysis for these trace components. In petroleum oils, sulfur 
compounds play a significant part as stabilizers against autoxidation. 44 

While the process of “inhibition” of autoxidation is satisfactorily 
explicable along these lines, the cause of the initiation of autoxidation 
is as yet not at all clear. Undoubtedly most technical, and laboratory, 
specimens of olefins, substituted aromatic hydrocarbons, and other 
autoxidizable substances contain sufficient peroxides to give detectable 
color reactions, but there can be little doubt that the autoxidations of 
many carefully purified substances can start up, though often after a 
prolonged “induction period,” in the absence of a peroxide catalyst. 
Since ultraviolet light has a marked accelerating effect on most oxidations 
it has often been suggested that the primary process is the activation 
of molecular oxygen to a much more active diradical state capable of 
adding on directly to an olefinic bond. 

I' .I' 

•0-0- + c=c -> -o—o—c—c- 
II II 

Alternatively, an electron-transfer reaction (p. 1158) may occur with an 
acceptor atom on the walls of the containing vessel. 

In most cases the photochemical activation of the organic substrate 
seems to be less probable than the photochemical activation of the 
oxygen, but E. H. Farmer has pointed out that most olefins contain 
traces of conjugated dienes which are much more susceptible to photo¬ 
chemical, or even thermal, activation, as evidenced by the ease with 
which they can be made to undergo the Diels-Alder condensation with 

Dunn. Waters, and Wickham-Joncs. /. Chan. Soc.. 2427 (1952); Moore and Waters. 

Com:pi. rend. acod. .ci. U.R.S.S.. 25. 34 (1939) (C. .4.. 34, 3973 (1940,). 

* Denison, Ird. Eng. Chan.. 36. 477 (1944); 37. 1102 (1945). 
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maleic anhydride. These conjugated dienes appear to react quite 
easily with oxygen by 1,4 addition to give cyclic peroxides, of which 
ascaridolc (XI) is typical. These cyclic peroxides are known to be 

CH*—CH* CH, 



CH=CH CH, 

XI 

active catalysts in promoting free-radical reactions, though as yet 
little is known of the ways in which they can decompose. Hence the 
initiation of the autoxidations of many fats and drying oils may take 
place through a primary attack on the system —CH=CH—CH=CII— 
and thereafter may proceed principally at unconjugated groupings such 
as —CH=CH—CH 2 —CH=CH—. u 

Several polynuclear aromatic hydrocarbons, such as anthracene, 47 
9,10-dimcthylbcnzanthracenc, 4, and rubrene, add on oxygen photo- 
chemically with very great ease to give dissociable frans-annular per¬ 
oxides; these may perhaps be involved in initiating the autoxidation of 
many hydrocarbon oils. 

There still remains to be considered the catalysis of autoxidation by 
many metals and their salts. This very often brings about a much more 
rapid oxygen uptake than can be attained even at the peak point in the 
autocatalytic reaction (Fig. 2C). For example, raw, or even boiled,* 
samples of linseed oil "dry” very much less slowly than oil that has been 
treated with a small quantity of an oil-soluble salt of cobalt or manga¬ 
nese. The stearates, oleates, resinates, linoleates, and naphthenates of 
copper, manganese, cobalt, and lead are regularly used in this way in 
several industrial processes. 

Evidently these metallic cations cannot act merely by initiating 
reaction chains, for, if they could, then, as in the case of catalysis by 
dibenzoyl peroxide, the rate of oxygen uptake would immediately set 
in at a very high level, and thereafter would slowly decrease with time. 
In fact it at first accelerates, after an occasionally noticeable induction 
period, and subsequently maintains a closely constant high level for 
quite a long time (Fig. 2C). 

44 Farmer, Trans. Faraday Soc., 42, 228 (1946). 

47 Dufraisso and G6rard. Bull. toe. chim. France. 4. 2052 (1937); Dufraiss®, ibid.. 6, 422 
(1939); Dufraisso and Badocho. Compt. rend.. 200. 1103 (1935); Dufraisso and Gerard, ibid., 
201, 428 (1935); 202, 1859 (1936). 

4 * Cook and Martin. J. Chem. Soc.. 1125 (1940); Bcrgmann and McLean. Chem. Rett.. 
28, 367 (1941); Cook, Ann. RepU. on Progrest Chem. (Chem. Soc. London). 39, 189 (1942). 

• Probably partly converted to conjugated diones. 
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George, Robertson, and Rideal 49 have drawn attention to the fact 
that no advantage is usually to be gained by increasing the concentration 
of the metallic ion beyond a certain small amount, and they consider 
that catalysts of this type must act both by starting and by stopping 
reaction chains. 

Thus if [C] is the catalyst concentration, a the original frequency of 
chain starting, and c the original frequency of chain breaking, then the 
rate of the catalyzed reaction can be expressed by the equation 


Rate 


q + HQ 

c + d[C) 


where b and d are constants. 

Now Ivanov 60 and subsequently others have shown that metallic 
cations, such as Cu + , Mn ++ , and Fe ++ , bring about the rapid decompo¬ 
sition of organic hydroperoxides, and, since in all metal-catalyzed autoxi- 
dations there is a great difference between the total oxygen consumption 
and the peroxide content of the reaction product, Robertson and 
Waters 61 have suggested that the metallic ions act by promoting the 
decompositions of hydroperoxides to active free radicals and thereby 
increase enormously the number of autoxidation chains which are pro¬ 
gressing at any instant. The exact reactions may be analogous to 
those which occur between hydrogen peroxide and solutions containing 
ferrous and ferric ions, whereby the radicals -0—II and -0—0—H can 
both be generated (p. 1158), for it is significant that the catalytically 
active metals are those that form cations of more than one valency. The 
exact structure of the ionic catalyst is undoubtedly of great importance, 
for biochemical catalystssuch as peroxidase, hemin, and other porphyrins, 
and the phthalocyanines of copper, iron, and nickel “ are particularly 
effective catalysts. Perhaps the effectiveness of the cation is a function 
of its oxidation-reduction potential, though if this is so then the optimum 
oxidation-reduction potential must be different for each different 
organic hydroperoxide. However, reactions between metallic ions and 
molecular oxygen cannot be excluded from consideration. In this as 
in all other aspects of autoxidation, much further work is needed to 
amplify and confirm the present tentative but promising theories, and 
there may be no small danger in taking a broad view of a reaction 
mechanism in which even the minute details concerning each individual 
reaction process can be of great significance. 


120. 450 (1946). 
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HYDROGEN PEROXIDE AND THE PER ACIDS 

The oxidations that can be effected by hydrogen peroxide, IIO—Oil, 
and its acyl derivatives, such as IIS0 3 —O—OH (Caro’s acid) and 
CgHgCO—O—Off (perbenzoic acid), cover so wide a range of reactions 
that it is difficult to classify them into definable categories, or to un¬ 
derstand fully their mechanisms. Hydrogen peroxide itself, when used 
in large excess in warm solutions, appears to be capable of slowly oxi¬ 
dizing organic compounds of almost all types,” but in the main it does 
seem to react preferentially with organic molecules which are capable 
of adding on either two hydroxyl groups, e g., 

CHj—CO—CO*H + H 5 Oj -» CH,—CO,H + CO ? + H 2 0 



OH OH 


or a single oxygen atom, e.g., 

R,N: + H-Oj -> R|N—*0 

Aminr midra 

R?S: + H.0, -► RjS—*0 

Sulfoxides 



C*H*—N=N—C«H 5 
1 
O 

Atoxybenienc 

H—CH-CH—R' 

\ / 

0 

Eposidt 


and this oxygen addition 


may well proceed via a hydroxylation process, 


R 3 N: + Hj 0 2 -* (RjN—0H)(0H)“ -♦ R*N—0 + H : 0 

Possibly the mode and certainly the relative rates at which all these 
reactions can occur depend to a considerable extent upon the pH of the 
solution used, for it must be remembered that hydrogen peroxide is a 
weak acid which ionizes (HO—OH ♦=* H + + (:0—OH)~J to give an 

“ Compare Dakin, "Oxidation and Reduction in the Animal Body,” Longmans, Groon 
A Co., New York (1922). 


1154 


ORGANIC CHEMISTRY 


anion with a different degree of reactivity from that of the undissociated 
molecule. The reactions of the per acids, in general, resemble those 
of the undissociated molecule, HO—OH, in an acid environment, but 
they have the advantage of being applicable over a very much wider 
range of experimental conditions. Thus Caro’s acid is a strong mono¬ 
basic acid which can be used even in concentrated sulfuric or acetic 
anhydride solutions, whereas the organic per acids can be used in 
anhydrous non-ionizing solvents such as benzene or chloroform. In 
strong acetic acid, too, hydrogen peroxide exists in equilibrium with 
peracetic acid, 

HO—OH + HO—CO— CH, «=* HO—H + HO—0—CO—CH, 

and it is no easy matter to decide which peroxide is the more active 
reagent. M 

Again, on account of its cheapness and its very low equivalent weight, 
hydrogen peroxide is often used in very large excess. Under these 
conditions consecutive reactions may often occur, while also the regular 
“catalase” decomposition, 2II 2 0 2 —* 2H 2 0 + 0 2 , may occasionally 
lead to further oxidations by means of free oxygen. 

Essentially, however, the chemical reactivities of both hydrogen 
peroxide and the per acids depend upon the structural fact that the 
0—0 covalence is a weak bond, which can fairly easily be severed to 
give either a pair of reactive hydroxyl radicals, OH, or, alternatively, a 
stable hydroxide anion, (:0H)“, plus a reactive hydroxyl cation (0H) + . 
Homolytic reactivity of the former type seems to occur even in ionizing 
solvents; it can undoubtedly be promoted both by photochemical 
activation and by the actions of catalysts when chain-reaction sequences 
may be set up. Hcterolytic reactivity, however, provides a better 
explanation for many reactions which proceed only in a polar environ¬ 
ment and are pH dependent. 1 ** It is therefore necessary to discuss 
separately each of the more distinctive reactions of hydrogen peroxide 
in organic chemistry. 


Photochemical and Catalytic Hydroxylation of Double Bonds 

(Milas’ Reactions) 


The photochemical decomposition of hydrogen perox.de sets in at 
a wavelength of about 3700 A, and there is now little doubt that this 
reaction, which eventually leads to the production of free oxygen and 


by alkaline hydrogen peroxide (p. H71). 
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water, is initiated by the fission of the central bond of the hydrogen 
peroxide molecule to give activated hydroxyl radicals. 

HO—OH -f hr — 20H* 

Inspections of bond strengths would indicate that the photolysis of 
hydrogen peroxide^hould be possible even with visible (blue) light of 
wavelength 5000 A, or less. This does not occur because hydrogen 
peroxide solutions do not absorb visible radiation: it is possible, however, 
that it may be promoted by certain dyestuffs or colored catalysts 
(e.g., in plant photosynthesis). When ultraviolet light is used, the extra 
energy then available may produce hydroxyl radicals possessing greater 
chemical reactivity than is exhibited by the hydroxyl radicals which can 
be produced in other ways (e.g., by Fenton's reaction, see p. 1157 below). 

Now Milas, Kurz, and Anslow have shown that, although uqueous 
hydrogen peroxide reacts very slowly, if at. all, with cold solutions of 
unsaturated compounds such as allyl alcohol, crotonic acid, or maleic 
acid, all these substances can be hydroxvlated when their solutions in 
dilute hydrogen peroxide arc irradiated with ultraviolet light of about 
3000 A wavelength. Consecutive oxidations, however, may destroy 
about half of the reaction product, e.g., 

CIIr=CH—CH;OH + HO—OH CH,—CH—CH, 

-ercy , | | 

OH OH OH 

Similar oxidations can be effected very much more easily by treating 
olefinic substances with hydrogen peroxide and a small percentage of an 
acidic oxide of a metal such as osmium, vanadium, or chromium which 
forms an active per acid, and consequently it has been suggested by 
Milas M that these hydroxylations, too, arc addition reactions of free 
hydroxyl radicals which may be produced by the thermal breakdown 
of the unstable inorganic per acids. Color changes give strong support 
to this view. Thus when vanadium pentoxide is used as the catalyst 
the red color of pervanadic acid is evident until the oxidation is com¬ 
pleted, and similarly with the chromate catalyst blue perchromic acid 
first forms and then disappears again at the completion of the oxidation. 

Milas and Sussman 67 have shown that this catalytic hydroxylation 
can be extended to olefinic substances of almost all types by using 
ter(-butyl alcohol as the solvent of choice and /erf-butyl hydroperoxide, 
(CH 3 ) 3 C—O—OH, as the precursor of the active per acid. 

“ Milas, Kur*. and Anslow. ibid.. 69, 543 (1937). 

M Milas, ibid., 59. 2342 (1937). 

17 Milas and Sussman. ibid., 58, 1302 (1936); 69, 2345 (1937). 
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ferf-Butyl hydroperoxide, which is an unusually stable substance, 58 
can easily be made by mixing strong aqueous hydrogen peroxide with 
/er/-butyl alcohol, removing the aqueous layer, drying the peroxide 
solution with anhydrous sodium sulfate, and then, if necessary, concen¬ 
trating by evaporating off the alcohol at a low pressure. With this 
reagent oxidation occurs so vigorously that it is advisable to work at 0°. 
Quite high (40% to 90%) yields of glycols can be obtained in this way, 
even from many olefinic substances, such as ethyl maleate, that do not 
react directly with pcrbenzoic or peracetic acids (p. 1105), and even 
aromatic hydrocarbons such as benzene are oxidized to some extent. 

As yet, however, the evidence for the suggestion that this valuable 
hydroxylation process involves free hydroxyl radicals is not quite clear; 
alternatively, the oxidation may be a direct oxidation by the inorganic 
per acids. 

First, Milas and his colleagues drew attention to the fact that the 
oxidations effected with the help of an osmium tetroxide catalyst 
produced only the cis-glycol. Thus cyclohexene yielded cis cyclo¬ 
hexane-1,2-diol, ethyl maleate produced ethyl mesotartrate (II), and 
ethyl fumarate produced ethyl racemate (IV). 89 These are, of course, 






OH 


H ’ 


OH 

IV 


the expected products of osmium tetroxide oxidution, which proceeds 
b v way of a cyclic intermediate complex, and if the hydroxylutions of 
. ,,nd III involved the addition oS free hydroxyl radicals then the Oil 
groups should add separately to the olefinic bonds, so as to give the 
same free organic radical V from lx.th maleic and fumaric esters. 


“ Milas and Surgcnor ibid.. 68. 205 

»• Milas. Sussman. and Mason, ibid.. 61. 1844 {1939). 
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In V, free rotation about the link C a — C& should be possible, and the 
three groups arranged around C& should take up a planar configuration, 
which would give the second hydroxyl radical equal chances of access 
from either side, so that an exactly similar mixture of mcsotartrate and 
racemate should be produced from both I and III. 



Second, it has been shown 24 that free hydroxyl radicals, produced by 
Fenton’s reagent (sec below), react immediately with /erf-butyl alcohol, 
and consequently under the Milas conditions one would expect to 
observe oxidation of the solvent rather than that of the olefinic solute. 

At the present time therefore it would appear that the Milas hy- 
droxylation reaction is essentially an oxidation effected by the active 
per acids of the heavy metallic elements of groups V to VIII. 


Fenton's Reaction 

H. J. II. Fenton, in 1894 40 discovered that in the presence of a trace 
of a ferrous salt ice-cold hydrogen peroxide rapidly oxidized tartaric 
acid (I) to dihydroxymaleic acid (Iln or b ) but that no similar oxidation 
occurred in the presence of a ferric salt. A few years later 41 he showed 


HOOC—CH—OH 

HOOC—C—OH 

HOOC—0=0 

1 

“* II 5=* 

1 

HOOC—C— H 
\ 

on 

HOOC—CH—OH 

HOOC—C—OH 

i 

Ho 

lib 


that other a-hydroxy acids, and also 1,2-glycols, were rapidly oxidized 
by the same mixture, though, through an oversight, he did not notice the 
oxidation of monohydric alcohols too. 42 Ruff 42 made prompt use of 
this reaction to degrade gluconic acid to arabinose (IV), but it was later 
found that with the sugars themselves a complicated succession of 

M Fenton. J. Chtm. Soc., 66, 899 (1894). 

*' Fent0 ° and Jackson, ibid.. 76, 1 (1899); Fenton and Jones, ibid., 77, 69 (1900). 

Compare Goldschmidt and Paunc*. Ann.. 60S, 1 (1933). 

M Ruff. Ber., 31, 1673 (1898). 
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oxidations took place, 04 and thereafter particular interest in Fenton’s 
reagent declined, for in the hands of many subsequent workers the 
results were variable and not always reproducible. In 1927 Wieland 


COOH 

I 

H—C—OH 
(CH—OH) 3 

I 

CH 2 OH 

111 


+ h 2 o 2 



H—C=0 

I 

(CH—OH) 3 + C0 2 + H 2 0 

I 

ch 2 oh 

iv 


and Franke 65 showed clearly that these catalyzed reactions were not all 
alike. In the oxidations of alcohols, and monohydroxy acids, such as 
lactic acid, only the ferrous ion, Fe ++ , was catalytically active, and the 
rapid “primary oxidation” ceased when it had all been oxidized to 
Fe +++ , but in other cases, e.g., with tartaric acid or glycine, the organic 
oxidation product was itself capable of reducing Fe +++ to Fe ++ , and 
under these circumstances a mere trace of a ferrous salt was adequate 
for the catalysis. 

For quite a long time it was fancied that this catalytic oxidation 
involved a peroxide of iron, though this could not be substantiated, 62 
and it was not until 1934 that any clear mechanism for the reaction was 
put forward. Then Haber and Weiss, 66 in a general attempt to explain 
the actions of enzymes such as catalase, which convert hydrogen peroxide 
to oxygen and water, suggested that the oxidation of a ferrous salt by 
hydrogen peroxide, viz., 

2Fe ++ + H 2 0, + 2H + «=* 2Fc +++ + 2U*0 


occurred in two successive stages, and that the first of these 

(1) Fe ++ + HO-OH — Fe +++ + HO- + (:OH)“ 

was a single electron transfer, in which the central bond of the hydrogen 
peroxide molecule was broken by the addition of one electron to give 
one hydroxyl anion and one free hydroxyl radical. 

The subsequent stages of the “catalase” decomposition of hydrogen 
peroxide were represented as involving the reaction chain 

(2) HO- + HO-OH - HO-H + -O-OH 1 ^ 

(;J) -O—OH + HO—OH -> 0=0 + H—OH + OIlJ 

« Morrell and Croft*. J. Chcm. Soc.. 75. 786 (1899); Spochr. Chcm. J.. 43. 227 

u Wieland and Franke. Ann.. 457, 1 (1927). 

«• Haber and Weiss. Proc. Roy Soc. {London). A147, 3& (1934). 
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together with a comparatively slower chain-breaking reaction 

(4) Fe ++ + -OH -» Fe +++ + (:OH)" 

This was supported by a number of flow experiments carried out over a 
wide pH range, and it was found that under conditions of low acidity 
there was also some catalysis of hydrogen peroxide decomposition due 
to the reduction 67 

(5) Fe +++ + HO—OH — Fe ++ + H+ + 0—OH 

Later work by Taube and Bray 88 on the reaction between ozone and 
hydrogen peroxide cast doubt upon the possibility of occurrence of 
reaction (3), and a more detached study of the “catalase” decomposition 
has now shown that the true oxygen producing reaction is the oxidation 
of the 0—0—II radical by the ferric ion (G). 

(6) Fc + + + + *0—OH -► Fc ++ + 0 2 + H + 

This is very slow in acid solution, but much faster in alkali, where it can 
be represented more simply as (7). 88 

(7) Fe +++ + (0—0:)" — Fe ++ + -0—0- 

Cupric ions are even more efficient oxygen-producing agents than ferric 
ions, and they act as additional catalysts as follows. 

(8) Cu ++ + 0—OH Cu + + 0, -f H + 

(9) Cu+ + Fe +++ — Cu ++ + Fe ++ Very fast 

It is of importance to note that, whereas the free hydroxyl radical, 
•OH, is a strong oxidizer (reaction 4), the hydroperoxide radical, 
•0—0—H, is a reducing agent. 

In 1946, M. G. Evans, Baxendale, and Park 70 conclusively verified 
the fact that free hydroxyl radicals were formed during the oxidation of 
a ferrous salt by hydrogen peroxide by showing that the system could 
be used to bring about the chain polymerizations of many olefins such as 
acrylonitrile, and to yield insoluble polymers with hydroxyl groups at the 
ends of the molecules. Whereas no immediate polymerization occurs 
when an aqueous solution of acrylonitrile is treated with hydrogen 
peroxide, the subsequent addition of a little ferrous sulfate initiates 
immediate polymerization, and, given enough monomer, one molecule 

*’ Compare Kuhn and Wassermann, Ann.. 603, 203 (1933). 

M Taubo and Bray, J. Am. Chan. Soc.. 62, 3357 (1940). 

“Webs and Humphrey. Nature. 163, 691 (1949); Barb, Baxendale. Georgo, and Har¬ 
grave. ibid.. 163, 692 (1949). 

r ° Evans, Baxendale. and Park. Trant. Faraday Soc.. 42, 155 (1946); compare Evans 
J. Chan. Soc.. 266 (1947). 
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of hydrogen peroxide is destroyed per equivalent of Fe ++ (corresponding 
to equation 1 above) instead of one molecule per two equivalents, as 
indicated by the stoichiometry for the direct oxidation. Thus, following 
the chain-starting reaction 

(I) Fe ++ + HO—OH — Fe +++ + HO- + (:OH)” 

The hydroxyl radicals add on to one end of the C=C bond 

(10) HO- + CH*=CH—CN — HO—CH,—CH—CN 

and the organic radicals then add on similarly to more acrylonitrile 

(II) HO—CH*—CH—CN + CH*=CH—CN 

HO—(CH,—CH(CN)—)*—CH*—CH—CN 

until two growing monomer chains meet and give a polymeric product 

HO—(CHj—CH(CN)).—((CN)—CH—CH,)„—OH 

A similar “reduction activation” of polymerization can be effected 
by many other reducing agents, and again several per salts, such as 
sodium persulfate, sodium perborate, or sodium perphosphate, can be 
used instead of hydrogen peroxide, often with beneficial technical 
results. These modified polymerizations may perhaps involve radical 
ions, such as ( SO 4 )", or they may be effective merely because hydrogen 
peroxide is produced, by hydrolysis, in extremely low concentration. 

The wider extension of this same theory to the explanation of Fenton’s 
oxidation reactions is, of course, obvious. Weiss in 1937 71 suggested 
that the Fe ++ catalysis of the oxidation of formic acid involved a 
reaction chain in which hydroxyl radicals were regenerated, e.g., 

• OH + H—CO—OH — HO—H + -COOH 

• COOH + HO—OH -> HO—COOH -f OH 

and Waters, in 1940, 72 suggested that all Fenton's oxidations followed 
a similar course. This theory has been followed up experimentally by 
Merz and Waters, 7 * who have shown that if a small proportion of hydro¬ 
gen peroxide is added to a mixture of a ferrous salt and an oxidizable 
organic substrate then the ratio of substrate oxidized to Fe ++ oxidized 
is independent of the rate of addition of hydrogen peroxide and is a measure 
of the case of attack of free hydroxyl radicals on the organic compound. 
The oxidations which can be effected by free hydroxyl radicals, prepared 

71 Weiss, J. Phu»- Chem., 41, 1107 (1937). 

" Nler^arid^Waters, Faiadau Soc. Diacuuions. 2, .79 (.947,; 7. CW So,. S. .9 (.949,. 
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in this way, can involve a surprisingly wide range of organic compounds, 
including alcohols, glycols, aldehydes, and even ethers, esters, amines, 
some saturated carboxylic acids such as propionic acid, and aromatic 
hydrocarbons such as benzene and toluene. The oxidations, however, 
fall into two groups. Some compounds, such as primary or secondary 
alcohols, aldehydes, and ethers, are oxidized bv a chain reaction, e.g., 

(12) Fe ++ + HO—OH — Fe + + + + HO- + (:OH)“ Chain-starting 

(13) HO- -f- CHj—CHjOH -* HO— H + CHi—CH—OH 

(14) CH a —CH—OH + HO—OH — CH S —OH(OH). + -OH 

(15) Fe+ + + -OH — Fe + + + + (:OHr Chain-ending 

whereas in other cases, e.g., with 1 , 2 -glycols, esters, amines, or aromatic 
hydrocarbons, reaction 14 does not occur, and the organic radical is 
stabilized by disproportionation, or by combination with a second free 
hydroxyl radical, or again, in the case of benzene, by dimerization. 

Very similar conclusions have been readied by Kolthoff and 
Medalia, 73a though these authors have shown that the essential con¬ 
tinuance of the reaction chain, which is represented above by 14, is more 
probably the reaction sequence 1C, 17 below: 

(16) CH 3 —CH—OH + Fe + + + — CH,CHO + H+ + Fe + + 

(17) Fe+ + + HO—OH — Fe +++ + OH + (:OH)“ 

The two schemes are indistinguishable by the procedure that was used 

by Merz and Waters. Furthermore, Kolthoff and Medalia have shown 

that the transient organic radicals, e.g., CH 3 —CH—OH, involved in 

• 

this reaction readily combine with oxygen to form peroxy radicals, 
CH 3 —CH—OH, as would be expected from current knowledge of 

oxidation processes. 

When oxidation occurs by the chain process then well over 50% of the 
hydrogen peroxide may oxidize the organic substrate, but when there is 
no reaction chain then at least 50% of the hydrogen peroxide is consumed 
in oxidizing the ferrous salt. Some hydroxy compounds, particularly 
the carboxylic acids, introduce further complications, because hydrogen- 
transfer reactions, such as 

CH S —CO—O—H + -OH —> CH S —CO—O* + H—OH 
Kolthoff and Medalia. J. Am. Chcm. Soc., 71, 3777. 3784 (1949). 
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can then occur. These produce less active free radicals than hydroxyl 
(CH 3 —CO—O- is a resonance-stabilized system since the odd electron 
is distributed between the two oxygen atoms of the carboxyl group), and 
these react much less easily with the C—H bonds of organic molecules 
than they do with Fe* + ions. Consequently oxidation with free hy¬ 
droxyl radicals occurs less efficiently in dilute acetic acid than in water; 
some anions, e.g. Br“, seem to inhibit the catalyzed oxidation com¬ 
pletely. 

The extent to which free hydroxyl radicals are involved in other 
oxidations effected by hydrogen peroxide is, as yet, uncertain. Un¬ 
doubtedly many other substances that can undergo one-electron oxi¬ 
dation can initiate a similar decomposition of hydrogen peroxide, as, for 
example, cuprous ions and the organometallic complexes which consti¬ 
tute the enzymes of the “catalase” and “peroxidase” types. It is 
probable, too, that many semiquinones may act in a similar way. Too 
little experimental work, however, has yet been reported for it to be safe 
to make sweeping generalizations. 


Oxidations by Organic Per Acids (the Prilesbajew Reaction) 

The properties and reactions of the various organic per acids, 
r_CO—O— OH, have not been studied over as wide a range of con¬ 
ditions as the reactions of hydrogen peroxide, but for one special pur¬ 
pose, viz., for the conversion of an olefin to its epoxide and thence to 
a Irons- 1,2-diol, they have for many years been widely used. This 
specific oxidation of an olefin was first discovered by Prileshajew , 74 who 
showed that perbenzoic acid, in cold non-ionizing solvents such as 
chloroform, carbon tetrachloride, benzene, or ether, reacted ns follows 

\ / \ / 

Cell,—CO—0—OH + C=C — C»H, CO—Oil + ^ 

/ ^ c> 


to give high yields (80% or over) of derivatives of ethylene oxide, which 
could easily be separated, purified, and subsequently hydrolyzed by 
means of dilute acid to 1,2-diols. Many other per acids can be used m 
exactly the same way. Bdescken, for instance,'* established that «ith 
solutions of peracetic acid in acetic acid solution the initial product was 
again the epoxide, though this was easily converted by subsequent 


Prileshajew. Ber.. 42. 4811 (1909). 

;» Bfloseken and Schneider. /. prakl. 

chim.. 54. 057 (1935). 


Chrm.. (2) 131. 2S5 (1931); Bocsekcn. Rfc. Irac. 
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hydrolysis and esterification to either the monoacetate or the diacetate 
of the diol 

\ / \ / 

C-C + CHjCOiH — C—C— 

/ \ / \ /II 

0 OH O—COCH, 

When solutions of olefinic compounds in acetic or formic acids arc 
treated with 20-30% hydrogen peroxide in slight excess, the oxygen 
addition proceeds rapidly to give the mono esters, which can easily he 
saponified to obtain the diols . 74 Under these circumstances the reaction 
proceeds via the initial formation of the organic per acid , 77 e.g., 

H— COjlI + HO—OH ^ H— CO— 0—OH + H—OH 

and with formic acid very little more than the theoretical quantity of 
hydrogen peroxide need be used. For use in solvents such as chloroform 
or benzene, monoperphthalic acid, H0 2 C—C 0 H*—CO—0—OH, has 
been strongly advocated largely on account of its much greater sta¬ 
bility , 78 and percaraphoric and perfuroic acids, both of which can be 
isolated as crystalline solids, are also quite useful for carrying out this 
reaction quantitatively. 7 * Perbcnzoic acid and its analogs mentioned 
above arc easily made by treating the corresponding diacyl peroxides 
with an equivalent of sodium ethylate. Their salts are then separated 
from esters and organic impurities by extraction into water, and finally 
the free per acids can be liberated by ucidifying the cold aqueous solu¬ 
tions, re-extracted into a solvent such as chloroform, and therein dried 
by means of sodium sulfate. 

2C e IU—CO—Cl + NajOj — C«H»CO—0—0—CO—C»H k + 2NaCi 
C«H»—CO—0—O—CO—C«H fc + NaOCzH* — 

C»H| — CO — 0 — 0 —Na + C#II»—CO — 0 — C*H» 

In an inert solvent the reaction between a free per acid and an olefin 
proceeds at room temperature, and, provided that blank experiments 
are conducted with analogous known substances, it is often sufficiently 
quantitative to be used as a means of estimating "double bonds,” since 
the per acids themselves, but not their reaction products, slowly liberate 
an equivalent of iodine from hydriodic acid. 

C 6 H 5 —CO—O—OH + 2HI — CfHr—CO-H + H 2 0 + I, 

74 Swtrn. Billon, Findley, and Scanlon, J. Am. Chem. Soc., 67, 1786 (1945). 

57 Comparo Tocnniea and Homillcr. ibid., 64, 3054 (1942). 

71 Bohtne, Ber., 70, 379 (1937). 

dJMUaa and Cliff. /. Am. Ch*m. Soc., 56, 352 (1933); Milos and McAlevy, ibid.. 66, 1219 
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Several workers 60 have followed the reaction quantitatively and have 
shown that it is approximately bimolecular (i.e., of first order with 
respect to both the per acid and the olefin), though often the velocity 
constant tends to decrease with time, and, further, so many impurities 
act as catalysts that it is quite a difficult matter to obtain reproducible 
data. If chloroform is used as the solvent particular care must be taken 
in its purification, even for carrying out reactions at 0°. 

Their data concerning relative reaction velocities are of great practical 
value. Thus Boeseken established that an alkyl substituent situated at 
the point of unsaturation, e.g., — 0(Alk)=CH—, increased the rate of 
epoxide formation and that practically no reaction occurred with the 

group —C=C—C=0 (e.g., in ethyl maleate, ethyl cinnamate, and 
a,0-unsaturated ketones), though distant C=0 groups, as in oleic acid, 
had relatively little inhibiting power. 

Triple bonds are less easily attacked than double bonds and lead to 
complete carbon-carbon bond fission as follows. 

R—O-C—R' -> R—CO—CO—R' — R—COjH + HOCOR' 
Knols, however, can be oxidized slowly," and with d-ketonic esters 
these again can lead to carl>on-carbon bond fission/*’ An interesting 
illustration of this is afforded by the oxidations of phenols which proceed 
as follows. OH COjH 



C 


Br 

rit, eit tf-Bromoinuronic acid ** 

OH C0 2 H 



CH 

®-Carl>o*y-<j//*'-<iiin""*'C acid •* 


r i. 191 113 19 (192G): Boeseken and colleagues, see. for ex- 

“ 057 (1935,: Medvedev end Blnch. J. Pky.. 

cST U K SsT 4 «i M933,: Swern. 7. ,.-n. CW *>,. 09. ,092 (.947,; S .urn,an. 

t'Sw. *~-*~*zZ£k* 450 ( ' 935 ’- 

and Neuwirtb, If*. Chim. Ac*. 31,2,0 0948^ 

u Boeseken and Met*. Rte. trav. chxm., 64, 345 (1935). 

« Bdeocken and Konigsfcldt. *«.. 64. 313 (1935). 
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D. Swern 85 has collated the results of oxidation-velocity data for the 
Prileshajew reaction and has pointed out that in the oxidation of olefins, 
R—CH=CH 2 , the order of reactivity is paralleled by that for bromi- 
nation under polar conditions. Thus groups with positive dipoles 
R+»C, such as alkyl substituents, promote reaction, whereas groups with 
negative dipoles RffC, such as R = —C0 2 Et or —CHO, tend to 
inhibit the oxidation. It therefore follows, from the electronic theory 
of induced polarity, that the per acids behave as electrophilic reagents 
and that the active oxygen enters the olefin molecule at the same point 
as does the positively polarized bromine atom in heterolytic bromi- 
nation. 

The Prileshajew reaction can thus be represented by the electronic 
scheme shown. The electronic driving force in the reaction is the 


rv 

CH,-►CH=CH 1 


R-CO—O—O—11 


ciu- 

RCO- 


* + 
-CH 

4 - 

—o- 


“CHj 

-Oil 


V 

CH,—CH—CH, CH.-CH—pH, CH,—CH—CH, 

,V V r 0^- 0-H 

+ (RCO-O)- 

iii ii 


+ H' 


electrical dissymmetry of the peroxide bond on the per acid molecule 
which has been introduced by the acyl substituent. 

R—CO—0—O—H 

t_J 

This tends to stabilize itself as a free anion (R—CO—G:)“, leaving an 
active (0H) + residue. In just the same way halogen molecules in polar 
solvents tend to break unsymmetrically giving one free halide anion 
and leaving a cationoid atom to react with any available organic sub¬ 
strate. Since the Prileshajew reaction is a bimolecular process the 
(0H) + cation does not become a free entity, and the organic cation, II 
above, is formed in a single process via the transition state I. The 
liberation of the anion (RCO—0:)“ then promotes the rapid elimination 
of H + from II, and the dipole III naturally closes immediately to the 
epoxide IV. 

“Sworn, J. Am. CKem. Soc., 69. 1692 (1947). 
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At one period it was suggested that the epoxides were formed from 
glycol monoesters, e.g., 

R—CH-CH, 

\ I 

R—CO—0 OH 
v 

but the very careful work of Boeseken and others established that 
compounds of this type are formed only as secondary hydrolysis products 
of the epoxides. 

This electronic interpretation clears up many further practical points 
concerning the reactions of the per acids. First, it will be obvious that, 
the more electrophilic the acyl group, R—CO—, the greater will be the 
reactivity of the acid as an electrophilic agent. Swern and his colleagues, 
for instance, have pointed out that performic acid is a more active agent 
than perbenzoic acid or peracetic acid, and with Caros acid (p. 11G9) 
this type of oxidizing action is still more evident. 

Again it is by acting as electrophilic agents that the per acids are able 
to oxidize tertiary amines, organic sulfides, arvl iodides, etc.; in each 
case the positively polarized (OH) + group adds on to the unshared 
electron pair of these molecules. 

R,N: + HO-OCOR' — R,N—OH + (:0-C0R')~ 

— R a N—0 + HO—COR' 


0,11*1: + HO—O—Ac — C.H $ I—OH CeH k I—O 

• • 

In the case of primary or secondary amines the subsequent reactions 

of the R 3 N—OH cation can take a very complicated course. In a very 
strongly acidic environment, e g., when Caro’s acid is used, arylam.ncs 
may be oxidized up to nitro compounds, but in less strongly acid con¬ 
ditions there can be formed free hydroxylamincs which can undergo 
molecular rearrangement, couple up to complex mdophene or indam.nc 
dves or occasionally dealkylate. 

Before leaving the chemistry of the per acids, however, the mechanism 
of the further breakdown of epoxides is sufficiently important to mei.t 
nlrticular attention, because it regularly leads to the format,on of 
b‘ 2 -diols which are stereoisomers of the end products of osmium tetroxidc 

°tfiene oxide and its homologs are hydrolysed to glycols only very 
i JL water alone, but the reaction can be catalyzed by both acids 
S °” f Js and consequently reaction velocity/pll graphs arc of the 
aDd Plenary form as that exhibited in ester hydrolysis. The primary 
££?Teak UP the three-membered ring are therefore as 
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shown, and in accordance with this view it is quite an easy matter to 



Base-catalyzed hydrolysis 


replace one OH group by another anion. For example, in the presence 
of a strong solution of a metallic chloride, ethylene oxide hydrolyzes to 
ethylene chlorohydrin. 



Moreover, as in ester hydrolysis again, the rate-determining stages of 
both the acid-catalyzed and the base-catalyzed processes are bimolecular. 
They therefore do not lead to the production of free carbonium cations 
(R 3 C + ), but the whole action is completed in one single reaction sequence 
involving a Walden inversion." Thus, as the C—O breaks hetero- 
lytically, to give negatively polarized oxygen and positively polarized 
carbon, the entering anionoid group (OH“, Cl~, OAc", etc.) links up to 
the carbon in a diametrically opposite direction to that of the departing 
oxygen, 



and this leads to a Irons addition product, e.g., 



Cyclopeotcno oxide trona-Cyclopeotanediol 


Thus the derivatives obtained from cyclic olefins (such as the above) do 
not form strongly acid borate complexes, nor are they easily oxidized by 
periodic acid. 

"For discussion of this sco Hammett, "Physical Organic Chemistry,” McGraw-Hill 
New York (1940), Chapter VI. "The Displacement Reaction.” 
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Great advantage has been taken of this fact in preparing rare sugars, 
and amino sugars of known configuration. Criegee and Stanger 87 have 
pointed out that it is possible to prepare cis diols from epoxides by 
carrying out two successive Walden inversions. Thus if cyclohexene 
oxide is treated with p-toluenesulfonic acid in ether it gives the trans- 
hydroxysulfonate (II), which can be acetylated, without inversion to the 
trans ester (III). If, however, this ester is warmed with potassium 
acetate solution, then the sulfonate anion is broken off, the bond fission 
taking place between the carbon and oxygen atoms, so that the substi¬ 
tuting acetate anion enters the molecule in the inverse position and 
yields the diacetate of c/s-cyclohexanediol. 

0—SOi C 7 H 7 



In addition to controlled hydrolysis, another reaction of the epoxides 
which may be used advantageously in connection with the Prileshajew 
oxidation of olefins is their decomposition by means of Grignard reagents. 
Ruzicka and Sternbach '» pointed out that, when an epoxide is treated 
with mcthylmagnesium chloride, then a methyl group becomes attached 
to one of the carbon atoms of the original olefimc bond and can be used 
to locate its position after a whole series of subsequent reactions. 1 hus 


R—CH=CH—R' 


Pcrbenioic 


10 0H CH * 

/ \ CH.MuCI J’Tj_J.,[_i,' 

R—CH-CH-R' R-CH-CH R 


This procedure has been usefully applied in structural investigations of 
both terpenes and carotenoid pigments. 


17 Criegee 
•• Ruzicka 


d Stanger. Bcr.. 69 >*™ 3 (1 ®J 6) * ^ 

,d Sternbach. Heir. Chxm. Ada. 23. 124 (1940). 
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Oxidations with Caro’s Acid (Baeyer and Villiger’s Reaction) 

The neutral persulfates, e.g., K 2 S 2 O 8 , dissolve in water to give 
solutions which are much less powerful oxidizers than aqueous hydrogen 
peroxide, but it was shown by Caro that if a persulfate is added slowly 
to an ice-cold solution of strong sulfuric acid there is formed a more 
powerful oxidizing agent than hydrogen peroxide. This product, 
permonosulfuric acid, H 2 SOs, w can also be prepared by mixing concen¬ 
trated hydrogen peroxide cautiously with cold concentrated sulfuric 
acid, when an equilibrium mixture 

HO—OH + H*S0 4 «=* HO—O—SO,H + HO—H 


is gradually formed. Solid Caro’s acid, m.p. 45°, has been obtained from 
the reaction between hydrogen peroxide and chlorosulfonic acid. 90 
Unlike hydrogen peroxide it will oxidize aniline to nitrosobenzene, or 
even to nitrobenzene without forming a complex induline dye. 

Baeyer and Villiger, 91 in 1899, found that, again unlike hydrogen 
peroxide, solutions of Caro’s acid in sulfuric acid would oxidize ketones, 
and in particular they found that cyclic ketones formed cyclic lactones 
which on hydrolysis gave open-chain products, for example, 


CH,—CH, 

/ \ 

CH, 0=0 

\ / 

CH,—CH, 

Cydoheunonc 


CH,—CH,—O 

/ / 

CH, 0=0 

\ / 

CH,—CH, 


The reaction has been applied widely by Ruzicka for the degradation of 
the saturated ketones which have large strainless rings, and more 
recently has been used by Marker and his colleagues K for oxidizing 
methyl ketones of the steroid series to esters; it has been applied to many 
simpler molecules by Friess.” 

\ \ 

—C—CO—CH, -> — C—O—CO—CH, 

/ / 

The yields that may be obtained closely approach the theoretical 
values, and sparingly soluble organic compounds may be dissolved in 
glacial acetic acid or acetic anhydride. Though Caro’s acid acts most 
easily, the oxidation is a general one of the per acids, since peracetic, 

** WillstntUr and Hauenstcin. Ber., 42, 1839 (1909). 

M d*Ana and Friederich, Ber., 43, 1880 (1910). 

" Baoyer and Villiger, Ber.. 32. 3625 (1899); S3, 858 (1900). 

" Marker el al.. J. Am. CKcm. Soc.. 62, 525 (1940); Marker, ibid.. 62. 2543 (1940) 

M Frioaa. ibid., 71, 14 (1949). 
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perbenzoic and perphthalic acids can be used in exactly the same way 
For this reason it has been suggested w that the oxidation of a ketone 
such as cyclohexanone might resemble the Prileshajew reaction (p. 1162) 
and involve the transient formation of the epoxide of an enol 


\ \ 

I II 

CH, “ uly “ C-H 

/ / 


\ 


H*SU» 


/ 


Z —OH 

\ 

O 

/ 

—H 


Acid 


isomrruntion 


0 

\ ^ 
c 

\ 

0 

/ 

C—H 
H 


but this cannot be the case, since acetophenone yields phenyl acetate, 
while benzophenone can be oxidized to phenylbenzoate in nearly quanti¬ 
tative yield.* 5 Again, Karrer and his colleagues 96 have shown that the 
per acids can be used to oxidize unsaturated dikctoncs to acid anhydrides 
that arc still unsaturated, e.g., 



and it is not possible to formulate an intermediate enol here cither. 

Now Baeyer and Villiger noted 91 that when substituted ketones, 
such as menthonc, were oxidized by Caro’s acid the bond fission always 
occurred in the same place as the break which could be effected by 
making an oxime and then carrying out the Beckmann transformation 

with it, thus 




Menthone 


and they surmised that the two reactions had similar mechanisms. 


94 See Treibs, Der., 72, 1194 (1939). 219 (1940). 

- "■ 3o - 

859 (1947); Karrer cl al.. ibid.. 31. 1210 (1948). 
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Upon this basis, their oxidation can be interpreted in the following 
way . 97 (a) Under acid conditions the two ions, H + and (O— SO 4 H) - , 
of Caro’s acid may add on to the C=0 group of a ketone as follows. 




+ H*SO» 



Hydrogen peroxide itself forms stable hydroxy peroxides of the same 
type with many ketones (e g., acetone), and these can often be de¬ 
hydrated to cyclic anhydrides.** 

( 6 ) These addition produets might easily lose a stable anion, such as 
(OH)" or (SO 4 H)", especially in an acid environment, and this would 
leave a transient oxygen cation, which would at once be stabilized by 
the migration of an anionoid hydrocarbon group from the adjacent 
carbon atom, thus 



This would leave just the hydrogen-ion addition complex of a lactone. 

If this mechanism is adopted, then it can at once be seen why the 
rearrangement of the primary addition product of acetophenone (R =» 
CH 3 ; R' - C 0 H 5 ) should give phenylacetate, since of these two hydro¬ 
carbon groups it is the phenyl group that can most easily become 
negatively polarized. 

Criegee 99 has explained the molecular rearrangement of dccalin 
peroxide esters in exactly the same way. 


0—COPh 



Oxidations with Alkaline Hydrogen Peroxide 

In the consideration of the Prileshajew reaction (p. 1162) reference 
was made to the fact that <*,/3-unsaturated aldehydes and ketones are not 

97 Robertson and Waters, J. Chem. Soc., 1576 (1948). 

** Compare Stoll and Scherrer, Hdv. Chim. Ada, IS, 142 (1930). 

99 Criegoe, Ann.. 560, 127 (1948). 
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attacked by perbenzoic acid in cold chloroform. For example, citral is 
oxidized only at bond (a) 

(CH 3 ) 2 C=CH—CH 2 —CH 2 —C(CH 3 )=CH—CH=0 

(a) (6) 


However, in alkaline solution hydrogen peroxide attacks compounds 
such as citral at bond ( 6 ) and not at bond (a). This distinctive oxidation 
was investigated in detail in 1921 by Weitz and Scheffer , 100 who showed 
that a, 0 -unsaturated aldehydes and ketones were so rapidly oxidized by 
alkaline hydrogen peroxide in alcohol, acetone, or pyridine solution 
that the reaction has to be controlled by careful cooling. They proved 
that the epoxide is the first reaction product by synthesizing the oxi¬ 
dation product II of chalcone I from benzaldehyde and bromoaceto- 
phcnone, and showed that, when these epoxides II were treated with 
acid, molecular rearrangements involving migrations of hydrocarbon 
radicals frequently occurred. 


Ph_CH=CH—CO—Ph 


Ph—CH=0 + Hr—CH : CO—Ph 


\n»o-oh 0 

\ / \ 

Ph—CH-CH—CO—Ph 

/£° Kl I H jS0 4 

I in acetic nod 


0=CH—CH—COPh 

I 

Ph 

in 


Neither saturated ketones nor other olefins are attacked under these 
circumstances, though 1 , 2 -diketones and a-ketonic acids are oxidized in 
just the same way, e.g., 

NaOH “ * 

C«H,—CO—CO—C.H. + H,0, -> 2C.H,—CO—ONa 

CHr-CO— COOH + H,0, CH.CO.Na + Na.CO, 


while the salts of a, 0 -unsaturated acids are not attacked. Weitz and 
Scheffer pointed out that this behavior indicated that ^reaction was 

n.,e that evidently involved a catio-enoid system, C=C—C=0, and, 
since compounds that contain this grouping, such as chalcone, mesity 
oxide, and cinnamaldehyde, are attacked by the ™ l0t ' ve 
reagents such as HCN or NaHS0 3 at the 0 -carbon atom, the ox.dat.on 

Weitz and Scheffer. Ber.. 64. 2327 (1921). 
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must be due to the reactive anion of hydrogen peroxide, thus 

C*H 5 —CH^CH^-CH=^0 + (:0-0H)“ —► C*Hs-CH-CH=CH-0 

O-OH 

As Bunton and Minkoff 101 have more clearly pointed out, the epoxide 
can then result from the elimination of a hydroxyl anion from the 
adduct IV. 


CflH 5 -CH— CII=CH-^0 


L 


v5 H 

IV 


C»H*—CH— CH- CH=0 
0 + 

+ OH 


C.H*-CH-CH-CHO 

0 


An exactly similar representation can be used for the alkaline oxi¬ 
dations of 1,2-diketones and ketonic acids, 102 though here the initial 
attack is on the positively polarized carbon atom of the carbonyl group. 



This selective oxidation is often of great practical importance. With 
the a-kctonic acids, for instance, it achieves the same results as docs 
decomposition by the enzyme decarboxylase. 

Also, it has been shown that in regard to oxidation by alkaliuc hydro¬ 
gen peroxide, the quinones behave just like a,0-unsaturated ketones. 103 


0 O 



101 Bunton and Minkoff. J. Chem. Soe.i 665 (1949). 
m Bunton, Nature, 163, 444 (1949). 

,M Fiwer el at.. J. Am. Chem. Soc.. 61. 3216 (1939); Tishler el at., ibid., 62, 2866 (1940). 
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OZONE 


Ozone was first used as a specific oxidizing agent by C. Harries, who, 
in 1903, 105 showed that dry ozonized oxygen combined at 0° with 
unsaturated compounds of many types to give unstable, often danger¬ 
ously explosive, uncrystallizable “ozonides” in which a molecule of 
ozone had apparently added on to the C=C double bond. On treatment 
with cold water these ozonides broke down in such a way that the 
original double bond was completely severed, and there remained a 
mixture containing hydrogen peroxide, ketones, and aldehydes, together 
with carboxylic acids derived from the aldehydes. 

R\ /R" 0l R \ / R " 

\o=c< -4 >C=(O a )=C< 

R'/ X H R f/ X H 


">c-o + o-c< 


R" 

H 


- 0=C—R" 

/ 

HO 


Harries at once realized that this reaction made ozone a valuable 
reagent for determining the site of an olefinic link in a complex organic 
molecule and applied it widely in the following years. In this way he 
obtained, for instance, the first clue to the structure of natural rubber by 
showing that its ozonide decomposed to give Icvulinic aldehyde in good 
yield. 106 

Using modern formulas 

CH a Clli 

I I 

—CIItC^CH—CHi—CHj—C=CH CH*- 

CHa UHa 

—CHaC(Oa)CH—Clh—CHr-C(Oa)CH—Clh— 
1 CHa 

I 

0=CH—CH*—CHa—C=0 

Acain, the presence of vinyl groups in many natural products such as 
camphenc and quinine was unquestionably confirmed by the demo, 
stration that they yielded some formaldehyde on ozonolysis. 

104 For general review,, ,ee Rieche. ' Alkjlperoxyde and O.onide," Steinkept, Le.pi.g 

Itari—d*O-.*r-3t.»«<»*0«- 

lot Harriea, Ber.. 37, 2708 (1904); 38. 1195 (1905). 
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CHr—CH—C=CH ? 


CH- 

I I /CH, 
CH-—CH— 

X CH, 

Camphoric 


O* then HjO 


CH-—CH—C=0 

I 

CH- 

I I /CH, 

CHr-CH—C< 

N:h, 

Camphenilono 


+ CH-0 


Solvents which resist oxidation must be used for carrying out ozoni- 
zations. Suitable ones are ethyl acetate, paraffins and cycloparaffins, 
carbon tetrachloride, ethyl chloride, or glacial acetic acid. Under 
special circumstances alcohols, or chloroform, may be used, though 
they are themselves oxidized to some extent even in freezing mixtures. 
It must not be forgotten in this connection that ozone is a powerful 
catalyst for autoxidation processes, and hence ozonized oxygen cannot 
be used with ethers, or with autoxidizahlc hydrocarbons, such as tetralin. 
Aromatic hydrocarbons, such as benzene, also cannot be used as solvents, 
since they are themselves oxidized, just as if they possessed simple 
“Kekule” structures with olefinic double bonds. Aromatic compounds 
are, of course, resonance-stabilized mesomcric structures and not 
tautomeric mixtures, but in the reactions with ozone they behave as if 
they could possess, as activated transition states, all the alternative 
canonical structures corresponding to the older Kekule formulations. 

For instance, Levine and Cole 107 showed that the ozonolysis of 
o-xylene (a hybrid of I und II) gave a mixture of glyoxnl (III), methyl 
glyoxal (IV), and diacetyl (V). 

CH, 

I 

C CII, 

4t\/ 

H—C C 

I II 

c c 

/ \ / \ 

H C H 

I 

H 

i 

0=CH—CH=0 

in 

°_c 0=0 

CH, CH, 

v 

1,7 Levin® and Cole. J. Am. Chcm. Soc., M, 338 (1932). 


CH, 

I 

C CII, 

H V V 

A A 

H C H 

I 

H 

II 


0=CH—C=0 

I 

CH, 

iv 
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Ilnaijman and Wibaut ,0i have repeated this work quantitatively, and 
have isolated the products III, IV, and V in almost exactly the molecular 
ratios 3:2:1 and therefore infer that the canonical structures I and II 
contribute to an almost equal degree to the true resonance state of 
o-xylene, as would be the case if the benzene ring had perfect hexagonal 
symmetry. In other words, it may be said that o-xylene exhibits an 
equal probability of reacting via structure I or via structure II. 

Ivooyman and Wibaut 109 have shown that a similar mixture of 
glyoxal derivatives, indicative of reaction via all possible Kekule forms, 
can be obtained by the ozonolysis of pyridine and several of its alkyl 
derivatives. 

Harries and Weiss 1,0 obtained only a diozonide from naphthalene, but 
again this does not denote the presence of localized double bonds, 
since Wibaut and van Dijk 1,1 have shown that both the 1,4- and the 
2,3-dimethylnaphthaIenes react as resonance hybrids capable of acti¬ 
vation to both the symmetrical VI and unsymmetrical VII structures. 



VI VII 


This olefinic reactivity of aromatic hydrocarbons and pyridine deriva¬ 
tives towards ozone is quite remarkable in view of the great stability of 
the “aromatic” ring structure towards all other oxidizing agents with 
the possible exception of osmium tetroxide. Van Dijk 1,2 has directed 
attention to the remarkably high velocity of the ozonization reaction, 
even at low temperatures, and to the low activation energy of the oxi¬ 
dation process. The introduction of alkyl groups into the benzene ring 
increases the velocity of the ozonization process. 

The formation of an unexpectedly complex mixture of products in a 
simple controllable, chemical reaction is not necessarily an indication 
of mesomerism (as it is in the “aromatic” systems which have been 
discussed above). It may also show (a) that the starting material was a 
chemical mixture and not one pure compound, or (6) that the starting 
material, though pure, is capable of undergoing „ molecular rearrange- 
ment (e g a tautomeric change) under the conditions chosen foi the 
r.tat Tt» oioniialion «<-"»»£ 

frequently been used to reveal both the circumstances (a) and (6). 

... Haaijman »nd Wib.ul. R'C 842 (l94 "' 

... Kooyman aod Wit..u.. 

«»« Harries and Weis*. Ann.. 343. 311 ( • 

ill Wibaut and van Dijk. Rec. Oar. ehxm.. 65. 413 (1946). 

m Van Dijk, ibid.. 67, 945 (1948). 
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instance, it has been established that the natural scents citronellol and 
rhodinol are both tautomeric mixtures of VIII and IX, since even after 
the most careful purification they both yield formaldehyde as well as 
acetone on ozonolysis. 11 * 

CH,—C=CH—CH 2 —CH 2 —CH—CH*—CH*—OH 

I I 

CH, CH, 

VIII 

CH*=C—CH*—CH*—CH*—CH—CH*—CH,—OH 

I I 

CH, CH, 

ix 


However, ozonolysis can easily be carried out in non-ionizing solvents 
in which the occurrence of tautomeric change is reduced to a minimum, 
and it can give, therefore, an approximate guide to the equilibrium 
composition of a tautomeric mixture. In the terpenc series, for example, 
the production of formaldehyde (which can be estimated quantitatively 
with dimedone) upon the hydrolysis of an ozonized solution has been 
used to assess the extent to which the isopropylidcnc group, CH 2 =C—, 


c' ; 


h 3 

is present, as in structure IX, in the material under investigation. 

Though the ozonides themselves need rarely be isolated, yet the 
questions of their structure and mechanism of breakdown are topics 
of some interest. Harries 1,4 came to the conclusion that ozouides had 


the five-membered ring structure X which retained a single bond 
between carbon atoms, and that they broke down, as shown, to give 
carbonyl derivatives together with hydrogen peroxide or occasionally 
oxygen, but subsequent work has shown that this is unlikely. 



H-O-H 

x 



+ 


H*0, 


CR # . 

0 


Staudinger 1,4 pointed out that many of the ozonides which can be 
isolated are polymers of high molecular weight, and, starting from the 

Grignard and Doeuvre, Comj*. rend., 187, 270, 330 (1928). 
m S<* Hamas. Ann., 374, 288 (1910). 

Staudinger. Ber., 68, 1088 (1925). 
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+ — 

presumption that ozone had the “onium” structure 0=0—0, suggested 
that an initial four-membered ring compound XI, either changed over 
rapidly to a monomeric isoozonide XII in which both links of the 
original C=C bond had been broken, or else polymerized to form a 
“molozonide” which he represented as XIII; more recently Criegec 1,6 



XIII 


has put forward a plausible mechanism for the rearrangement of the 
unstable structures X or XI to the more stable isoozonide XII. The 
nature of the “molozonide’' is now doubtful (it may be derived from 
chain polymers of olefins); the validity of the isoozonide structure XII 
for the monomeric ozonides has been confirmed by subsequent workers. 
Harries’ formula X cannot be correct because the reduction of an ozonidc, 
even when carried out most carefully by hydrogen and a catalyst, by 
ice-cold sodium sulfite, or by acidified potassium iodide, never yields a 
1,2-glycol, R 2 C(OIl)—CR 2 '— (OH), but it gives an almost quantitative 
yield of the carbonyl compounds R 2 C=0 and 0=CR 2 '. 

By very careful work at low temperatures Briner and Schnorf 1,7 
have shown that ethylene yields a monomeric ozonidc, C 2 II 4 0 3 , which 
reacts with a little water to give crystalline hydroxymcthylcnc perox¬ 


ide (XIV), 


HO—CH*—0—O—C1I*—OH 


XIV 


which Wieland and Wingler 1,1 had previously prepared from formalde¬ 
hyde and hydrogen peroxide, and had studied in detail. Riechc and 
Meister, a little later, 1 »• showed that the corresponding more stable 
hydroxyperoxide of acetaldehyde could be dehydrated to give a product 
identical with the ozonide of 2 -butene. 


,u Criegce, Ann.. 660. 127 (1048). 

... Briner and Schnorf. /Mr. Ch,m_ Ag. (1929). 

in Wieland and Wingler. Ann.. 431, 301 (1923). 
n« Riechc and Meister. Ber.. 66. 1274 (1932). 
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O—OH 


/ 

CH,—CH=0 + H,0* -» CH,—CH 

\ 


0—0 

/ \ 

CH,—CH IIC—CH, 


OH 


O 


CH,—CH=CH—CH, 


Briner and his colleagues ,;o have drawn attention to the fact that the 
ozonides can decompose to aldehydes or ketones in the absence of water, 
and that hydrogen peroxide is often only a minor product of ozonidc 

A B 

\ / 

hydrolysis. Also, a compound of the type C(Oa)C invariably yields a 

>/ \ 

mixture of A—CHO and B—C0 2 H with A—C0 2 H and B—CHO. 
They therefore suggest that the hydrolysis occurs, ria the dihydroxy- 
peroxide, by two alternative routes, as shown, to give one molecule of an 

O 

A / \ B A OH . HO B 

\ / \ / \ / \ / 

C C — c c 

/ \ / \ / \ / \ 

H 0—0 H II O-O H 


A OH 

\ / 
c 

/ \ 

H OH 

+ 

HO B 

\ / 

C 

HO— o' 


or 


[A OH 

\ / 

C 

/ \ 

H O—OH 

+ 

HO B 

\ / 

C 

/ \ 

HO H 


aldehyde, or ketone, together with one molecule of an aldehyde or ketone 
hydroperoxide. In the absence of water, the dimeric peroxides (XV) of 

1,0 Briner. Heir. Chim. Ada. 22, 591 (1939): Briner and Gclbert. ibid., 22, 1483 (1939); 
Briner and Nemitx, ibid.. 21. 758 (1938). 
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aldehydes and ketones can sometimes he isolated from ozonide decom¬ 
positions.^ 1 

It O—O R 

\ / \ / 

C C 

/ \ / \ 

R' 0—0 R' 

xv 

From a practical aspect, the formation of these organic peroxides, 
or hydroperoxides, is undesirable, since they may bring about secondary 
oxidations very easily, even at 0°. Consequently F. (». Fischer’s 
method m of hydrogenating the ozonide in its original anhydrous 
solvent, using a palladium-calcium carbonate catalyst, is to be recom¬ 
mended as a routine experimental procedure, especially when the 
formation of aldehydes is anticipated. As alternatives, hydrolysis by 
ice-cold water in the presence of aluminum or zinc amalgams and a trace 
of acid may be used. When the extraction of aldehydes as such is not 
essential, ozonides may very conveniently be decomposed by means of 
ice-cold dilute hydrogen peroxide, whereby almost quantitative yields of 
carboxylic acids can lw obtained. 


OSMIUM TETROXIDE 

Osmium tetroxide is a reagent which can be used for the selective 
oxidation of olefins to cis-1,2-diols. Its drawbacks are its cost, its high 
equivalent weight, its volatility, and its high toxicity, all of which 
combine to restrict its use to reactions that can be conducted satis¬ 
factorily on a very small scale. However, for the investigation of 
scarce natural products, such as the steroid hormones, it has proved to 
be a particularly valuable reagent since it acts at room temperature in a 
predictable way to give high yields of clean reaction products from which 
the osmium can easily Ik* separated and recovered. 

Osmium tetroxide was for a long time used by organic chemists only 
as a rather out-of-the-way catalyst for promoting other oxidations 
(pp i | 5 (} f 1 184), though for over 50 years biochemists and biologists have 
used its very distinctive reduction to black metallic osmium to test for 
the presence of unsaturated fats in animal tissues. The nature of its 
specific oxidizing action was disclosed in 1936 by Criegee, 1 * who found 
that in dry inert solvents, such as ether, benzene, or cyclohexane, osmium 
tetroxide reacted with hydrocarbons containing C=C bonds, as, for 

m Marvel and Nichols. J■ Org. Chem.. 6, 296 (1941). 

m Fischer et al.. Bcr.. 66, 1467 (1932). 

•» Criegec. Ann., 622, 76 (1936). 



OXIDATION PROCESSES 


1181 


example, acenaphthylene (I) or indene (II), to give yellow addition 
complexes, of general formula III, which could be decomposed by boiling 
with water, acetic acid, or alcoholic hydrogen chloride to give the corre¬ 
sponding m diols (IV) and osmic acid. H 2 Os0 4 . 


R—CH 


IV—CH 




R—CH—O O 

X ✓ 

Os 

/ X 

IV—CH—<) 0 

ill 


R—CH—OH 

+ 

IV—CH—OH 

IV 


HO O 

\ ✓ 
Os 

/ \ 

HO O 


This hydrolysis is reversible, for aqueous solutions of the diols (IV) 
will recombine to the extent of about 00% with potassium osmiate in 
1% aqueous solution to reform the yellow complexes (III). Conse¬ 
quently the most satisfactory method of isolating the glycols from the 
condensation product consists in hydrolyzing it in the presence of a 
reducing agent, such as aqueous sodium sulfite, alkaline formaldehyde, 
or ascorbic acid, 1 * 4 which converts the osmic acid to free osmium. This 
can then be filtered off and reconverted to the tetroxide with negligible 
overall loss of the costly reagent. 

In carrying out osmium tetroxide oxidations of olefins it must be 
remembered that the osmium tetroxide is quite a powerful oxidizing 
agent in other ways. It immediately reacts with alcohols, phenols, and 
amines, though not with esters or ethers, and only slowly with aldehydes 
and ketones. Free —OH or —NH groups should therefore be “pro¬ 
tected” by standard methods, and solvents such as ether or dioxane 
should have been purified by drying over sodium. Again, osmium and 
its oxides are potent catalysts for promoting autoxidation, and con¬ 
sequently reacting mixtures should not be allowed to stand in open 
vessels. The formation of the addition product III is usually complete 
in 2 to 4 days at normal temperature, but the condensation can be 

u ‘ Reich, Sutter, and Reirhatein, /Mr. Chim. Ada, 23, 170 (1040). 
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hastened by adding a little dry pyridine or quinoline, when dark- 
colored ternary complexes of these bases, of general formula (1 olefin, 
1 0s0 4 , 2 base) are produced, and can be decomposed in an exactly 
similar way to the complexes III mentioned above. 

The fact that osmium tetroxide oxidation of an olefin yields only a 
c/s-diol with vicinal —OH groups indicates that on hydrolysis the 
cyclic complex III must break at 0—Os bonds, and not at the carbon 
atoms (compare the epoxides, p. 11G7). In consequence of this, the 
resulting diols can easily be oxidized further by the other selective 
agents, periodic acid, or lead tetraacetate (p. 1185); thus a complete 
degradation of a complex molecule into two known fragments can be 
accomplished without the intervention of undesirable side reactions. 

U—CH=CH—R' —> R—CH—CH—R # —> RCHO + OCHR' 

<HO* i I HIO« 

I I 

OH OH 

The only comparable reagent is alkaline potassium permanganate, 
but this gives a messy reaction product containing voluminous hydrated 
manganese dioxide and invariably a number of further degradation 
products of the desired glycol. 

The numerous examples of the satisfactory use of osmium tetroxide 
in the study of natural products cannot be discussed specifically in this 
chapter; it is, however, of some value to point out that the addition 
reaction between 0s0 4 and C=C bonds is not strictly confined to the 
olefins proper but is also exhibited by many polycyclic hydrocarbons of 
the phenanthrene type V in which the localization of the ^-electrons is 
only partial. 1 * 4 




Following up this observation, Cook and Schoental 126 have shown 
that, in the presence of two equivalents of pyridine, even anthracene 
and naphthalene form colored complexes, though there is no reaction 
with benzene. The anthracene ternary complex can be decomposed 
with alcoholic sodium sulfite to give the tetrol (VII), the structure of 

m Compare Criegoc. Marchand. and Wannowius. Ann.. 850, 102 0W2); 
u« Cook and Schoental. .Valure. 161, 237 (1948); /. Chan. Soc.. 170 (1948). 
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which has been confirmed by oxidation with alkaline potassium ferri- 
cyanide to naphthalene-2,3-dicarboxylic acid (\'III). 



This is the first recorded instance of a chemical oxidation of anthracene 
which does not affect the active meso (9,10) positions of the central ring, 
and it may be of biochemical significance, since Boyland and Shoppee 1,7 
have found that the metabolic oxidation of anthracene in rabbits 
produces the corresponding diol (IX). 




Again, 1,2-benzanthracene (X) is attacked in the corresponding 
3- and 4-positions, and not in the meso positions 9 and 10. Since other 
carcinogenic hydrocarbons are attacked in a similar way it is apparent 
that this oxidation throws new light on a subject of great biochemical, 
medical, and also theoretical interest. Already colorimetric measure¬ 
ments have shown that anthracene and 1,2-benzanthracene are oxidized 
more easily than phenanthrene, and indicate therefore that the order 
of reactivity of polycyclic hydrocarbons towards osmium tetroxidc does 
not quite accord with the predicted double-bond character of particular 
linkages, as calculated, by current mathematical methods, according 
to the extended theory of resonance. 1 ** A comparison of the oxidation 
reactions of osmium tetroxidc with those of other reagents such as 
chromium trioxide or lead tetraacetate thus illustrates the difficulties 
that may be encountered in using the static structure of a complex 
organic molecule to predict all its chemical reactions. 

Criegee’s elucidation of the mechanism of direct oxidation by means 
of osmium tetroxide has also thrown some light upon its catalytic 

1,7 Boyland and Shoppe*, ibid.. SOI (1047). 

m Badger and Heed. Xalure. 161, 23S (194S); Badger, J. Chem. Soc., 456 (1949). 
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reactivity, although in this connection many points still await clari¬ 
fication. 

In 1912 K. A. Hofmann showed that neutral aqueous solutions of 
sodium or potassium chlorate became strong oxidizing agents upon the 
addition of a trace of osmium tetroxide. Dyes such as indigo carmine 
could be bleached, and oxalic and formic acids oxidized to carbon 
dioxide, even though osmium tetroxide itself reacted but slowly with 
many of these substances. Subsequent workers have not infrequently 
made use of this reagent, e.g., for oxidizing quinols to quinones in high 
yield 130 and for the hvdroxvlation of water-soluble olefins, such as 
maleic acid . 131 


HOOC—C—H 

II 

HOOC—C—H 


KCIO, 

OsO* 


H 

HOOC—C—OH 

I 

HOOC—C—OH 
H 

Tartaric acid 


Since in the last oxidation it is the eis diols which are formed, the sug¬ 
gestion has been made that the chlorate acts by re-forming osmium 
tetroxide from the H 2 0s0 4 complexes of theCriegee type (III, p. 1181), 
but, on the other hand, Braun has suggested that the reaction may be 
due to the production of a little free hypochlorous acid.'” 

Again, Milas 133 has found that in the presence of a trace of osmium 
tetroxide olefins will react with aqueous hydrogen peroxide, or with 
te/7-butyl hydroperoxide, (OH 3 ) 3 C—O—OH, to give m-l,2-diols. 1 his 
action again can be formulated as an oxidative fission of a ( riegee 
complex to re-form osmium tetroxide, but other reactions may he 
involved, since the Milas reagent will hydroxylate a, 0 -unsaturatcd 
ketones which are inert to osmium tetroxide in dry ether .'* 4 In the 
case of the Milas reaction it is known that other oxides, e.g., V 2 O s and 
C 1 O 3 , can be used in a similar manner, and the color changes in the 
vanadate reaction seem to indicate that the essential oxidation is a 
reaction of an inorganic per acid and perhaps may not involve Os 0 4 as 


Hofmann. Her.. 46. 3329 (1912); 46. 1657 (1913). 

Baker and Munk. J. Chem. Soe.. 1092 (1940). 

* Milas and Terry. J. Am. Chem. Soc.. 47. 1412 (1925); 48. 264, (1926). 

: MH« - -l.. *«.. ... 0939), M'lfts »-«—»■• 

.. Fr"r~ CW (Chtm. 

is*. For further distinctions see Mugdan and \oung. J. < hem. l 
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LEAD TETRAACETATE Pb(OCOCHj)* 

Lead tetraacetate, a colorless crystalline solid easily prepared by 
warming red lead in glacial acetic acid, us was first introduced as an 
oxidizing agent by Dimroth and Schweizer in 1923. uc It has obvious 
advantages over suspensions of lead peroxide in sulfuric or hydrochloric 
acids (which are regularly used to oxidize the leuco bases of triphenyl- 
methane and other dyestuffs) in that it can be used in homogeneous 
solution, although it is itself so easily dccoinposed to lead peroxide by 
traces of moisture that it is advisable to prepare, or at least to recrys¬ 
tallize, fresh material immediately before use. 

Dimroth used lead tetruacetate in hot glacial acetic acid or acetic 
anhydride solutions, and pointed out that under these circumstances 
it was not a quantitative reagent, since it decomposed slowly to give a 
combustible gas, e.g., 

PbfOCOCH,), — PbtOCOCH,), + 2C’0 : + C a H. 

and at the same time oxidized part of the solvent. 

He found that, though it was by no means so active an oxidizer as 
chromic acid, it converted active methylene (—CH 2 —) groups to 
CIHOCOCHs), and in a few cases effected the addition of nectoxy 
(—OCOCII 3 ) groups to double bonds. Thus acetone gave CH 3 —CO— 
CHj—OCOCH 3 , acetophenone yielded PhCO—CH 2 —OCOOH 3 , and 
ethyl malonate gave CH 3 CO—O— CH(COOKt) 2 . Benzene was not 
noticeably attacked (see, however, below), though toluene gave a 20 % 
yield of benzyl acetate, and anethole yielded OH 3 O—C fi II 4 —CII- 
(OAc)—CH(OAc)—CH 3 very easily. 

The more detailed introduction of lead tetruacetate as an oxidizing 
agent, however, is due to R. Criegee, who, in 1930, 1,7 concluded that on 
warming it split into lead diucetate, Pb(OCOCH 3 ) 2 , and two acetoxy 
groups which were capable of oxidizing other substances (a) by ab¬ 
stracting a pair of hydrogen atoms, to form acetic acid, e g., 

C 6 H 4 (OH) # + Pb(OAc ) 4 — C*H«Oi + Pb(OAc ) 5 + 2HOAc 

( 6 ) by abstracting a hydrogen atom from —CH 2 —, etc., and by adding 
on to the organic residue, as in 

C « H »—CH, + Pb(OAc ) 4 -> C«H»—CHj—OAc + HOAc -f Pb(OAc ) 2 

Experiments in 0rganic Chemistry,” D. C. Heath. New York (1941), 

Dimroth and Schweiter. Ber.. 66. 1375 (1923). 

m Criegee. Ann., 481, 263 (1930). 
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or (c) by adding on two acetoxy groups to a double bond, e g., 




OCOCH, 


OCOCH, 
CH, N H 




C-OCOCH, 


OCOCHa 


CH H 
OCOCH, 


He found, moreover, that with compounds containing the group 
—CH 2 —CH=CH— both reactions (6) and (c) could occur concurrently. 
Thus cyclohexene gave 30% of cyclohexenol acetate, 10% of cyclo- 
hcxanol diacetates (both cis and trans isomers), and 3% of the diacetates 
of cyclohexene diols. 

There is now a considerable amount of evidence to show that these 
reactions in warm acetic acid solution depend upon the fission of lead 
tetraacetate into lead diacetate and two free acetoxy radicals which 
in part act directly as dehydrogenating agents 


H—R + OCOCH, —* R* + H—OCOCH, 


and in part decompose to carbon dioxide and free methyl radicals. 
Thus Fieser and Chang, in 1942, u% discovered that naphthaquinones 
could be methylated by boiling with a glacial acetic acid solution of lead 
tetraacetate 

CH CO CH CO 

/ \ / \ ^ \ / \ 

CH C CH CH C C—CH, 

I II II — I II II 

CH C CH CH C C—H 

\ / \ / % / \ / 

CH CO CH CO 

and thereupon Fieser, Clapp, and Daudt ,w showed that under analogous 
conditions nitrobenzene and m-dinitrobenzene yielded nitrated toluenes 
and xylenes, while benzene and chlorobenzene gave small yields of 
benzyl acetate and /j-cldorobenzyl acetate respectively. Similar methyl- 
ations can be effected by warm solutions of diacetyl peroxide, which 
decomposes as follows (see p. 1136), 

CH,— CO—O—6—CO—CH, 2CH,—CO—O- — CH,- + CO, 

and by the electrolysis of sodium acetate in acetic acid. It may be 
pointed out that, of the two free radicals which may be involved, the 

IM Fieser and Chang. J. Am. Chem. Soc.. 64, 2042 (1942). 
m Fieser. Clapp, and Daudt. ihid.. 64. 21*52 (1942). 
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neutral acctoxy group (I) is a resonance-stabilized structure in which 
the unpaired electron may reside on either of two symmetrical oxygen 



atoms. Consequently its energy level will Ik* much less than that of the 
free methyl radical, * 011 . 3 , which is known, from studies of gas re¬ 
actions," 0 to be capable of abstracting hydrogen from C—H bonds. 
Thus one may write the reaction between lead tetraacetate and toluene 
as involving essentially the following processes. 

(1) C»H k —CHj + CH, — CH« + C*H«—CHr 

(2) C*Hfc — CH** + OCOCH, — C«H*—CH*—OCOCH, 

'1’his view has been confirmed by studies by Kharasch and his colleagues 
(p. 1137) of the oxidizing properties of diacetyl peroxide. The side-chain 
attack on toluene, and the attack on the a-methylene position in cyclo¬ 
hexene, are, as explained in the section dealing with autoxidation (p. 
1142), just what would l»e expected of oxidations by neutral radicals. 

Fieser and Hershberg "• have shown that lead tetraacetate is a very 
suitable reagent for investigating the reactivity of the higher aromatic 
hydrocarbons. For instance, both anthracene and 1,2-bcnzanthracene 
(II) are attacked in meso positions; 10-methyN>enzanthracene, however, 
gives I\ while methylcholanthrene gives V. Thiocyanogen reacts with 
these hydrocarbons in a similar way. 



For some years it was thought that these facile oxidations of poly¬ 
cyclic hydrocarbons were of significance in relation to their carcinogenic 

it!®!* Stcacie * " A,omic ond Free Radical Reactions,” Rein hold. New York (1040) 
Fieser and Hershberg. J. Am. Chem. Soc.. 60. 1S93. 2542 (1938). 
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activity. Further investigation, however, 142 has shown that on account 
of the complexity of the oxidation process no general relationship can be 
traced between the rate of oxidation of an aromatic hydrocarbon by 
lead tetraacetate and its carcinogenic activity. While some of them, 
e.g., methylcholanthrene, may, like toluene, initially be dehydrogenated 
by free methyl radicals, others, e.g., benzanthracene, may, like anthra¬ 
cene and indene, add on acetoxy groups directly at potential centers of 
unsaturation. 

The oxidation of anthracene by lead tetraacetate affords a particularly 
interesting example of the special reactivity of the meso positions of 
polycyclic aromatic systems. Thus in acetic acid solution at 35-55° it 
first yields a mixture of the two stereoisomeric forms of VI. These, on 
warming, lose a molecule of acetic acid to give 9-aceto.xyanthracene 
(VII), which then oxidizes further to oxanthrone acetate (VIII). ,4S 



VIII vii 

Essentially the limiting conditions for oxidation by warm lead tetra¬ 
acetate are ( a ) the concentration of free methyl radicals which can be 
attained in the solution, and (6) the activation energy of the process 

•CH a + H— C x — CH« + C x 

where C* is any particular carbon atom of an organic molecule. If this 
energy is high, appreciable oxidation does not occur because the methyl 
radicals then react preferentially with the solvent or with each oilier. 
For this reason lead tetraacetate does not attack saturated paraffin 
chains. Since the activation energy of process (6) is a function not only 

iu Ficscr and Putnam, ibid.. 69, 1041 (1947). 
io Fieser and Putnam, ibid.. 69. 1038 (1947). 
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of the bond strength of the group II—C, but also of the resonance energy 

of the resulting organic free radical (compare —CH—CH=CII—), it is 
not always possible to predict whether an organic molecule will be 
attacked by lead tetraacetate merely by direct inspection of its molecular 
formula. 141 On the other hand the facile oxidation of C—H bonds does 
indicate a point of general susceptibility to free radical attack (i.e., of 
probable attack by reagents such as dilienzoyl peroxide, N-bromo- 
succinimide, and free oxygen), and usually this point is a carbon center 
at which a resonance-stabilized system can be generated by dehydrogena¬ 
tion. 

t 

Glycol Splitting by Means of Lead Tetraacetate 


Lead tetraacetate has, however, another and a much more specific 
oxidizing action than the one which has l>een considered above, for it 
was found by CYiegee in 1931 ,u thut its void solutions in glacial acetic- 
acid reacted quantitatively with 1,2-glycols to split them to a mixture of 
aldehydes or ketones, without effecting any further degradations of these 
products. Thus 


It 

I 

It'—C-O-H 

| + Pb(OOOCHj)« 

R"—C—O—H 

R'" 


It 

I 

It'—0=0 + Ph(OCOCHj); 

+ + 

It"—0=0 20HjC00H 

I 

R'" 


R. R'. R'\ or R~ - H. alkyl, aryl, or acyl 


At the same temperature, monohydric alcohols, and polyhvdrie 
alcohols not containing vicinal groups, were oxidized very slowly indeed. 
From more detailed investigation of this reaction, CYiegee and his 
colleagues 146 came to the conclusion that the glycol splitting involved a 
rate-determining bimolecular reaction between the hydroxyl groups of 
the glycol and the lead tetraacetate which led to the formation of a 
cyclic compound of tetravalent lead (X). This, they suggested, irrevers¬ 
ibly split to lead diacetate and an unstable oxygen diradical of ex¬ 
ceedingly short life which at once decomposed into two stable products. 

Compare Waters. J. Chcm. Soc.. 727 (1948). 

111 Criegee, Ber.. 64, 260 (1931). 

" 4 Criegee. Kraft, and Rank. Ann.. 607, 159 (1933); Criegee. Ber.. 68, 065 (1935); 
Cncgee and Buchner. Ber.. 73. 563 (1940); Criegee. Buchner and Walther. Brr.. 73. 571 
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3. If the glacial acetic acid is partly replaced by an indifferent solvent, 
such as benzene, then the rate of glycol splitting increases, just as would 
be expected if the equilibrium 

Pb(OAc)« + Glycol Intermediate product + Acetic acid 
were involved. 

However, hydroxylic solvents are still more efficient accelerators of the 
reaction, compare Table III, and Baer 147 showed that with many glycols 


TABLE III 

Hate of Fission of cis-Cyclohexanediol with Pb(OAc)« at 20° 


Percentage Dilu¬ 
tion of Glacial 
Acetic Acid 

H,0 

k for Bimolcculur Reaction 

Added Solvent 
CHaOH C«Ht 

C,H 6 OCOCH 3 

0 

4.1 

4.1 

4.1 

4.1 

25 

90 

25.2 

7.0 

5.4 

50 

850 

210 

14 

12.6 

75 

4400 

1,900 

34 

37 

95 

• • • • 

10,000 

670 

.... 

99.3 

• • • • 


3440 

• • • • 


the oxidative fission could be carried out very rapidly in dilute acetic 
acid, and sometimes, if the velocity of reaction is greater than the 
velocity of hydrolysis of Pb(OAc) 4 , one can even operate by adding 
powdered lead tetraacetate to a rapidly stirred aqueous solution of the 
glycol. Criegee and Buchner 141 explain this action by suggesting that 
equilibria such ns 

Pb(OAc)« + 211,0 «=± Pb(OAc),(OH), + 2HOAc 

produce lead compounds which are more reactive than lead tetraacetate 
itself. They found that neutral salts, such as sodium acetate, also 
enhance the reaction velocity. Since, however, water, alcohols, and 
indifferent solvents affect the rates of oxidation of hydrocarbons in very 
much the same way 145 it is doubtful whether Criegee’s intermediate 
compound theory adequately accounts for all the kinetic features of the 
oxidation. 

An alternative mechanism for glycol fission processes was suggested 
in 1946 by Waters, 14 * who then pointed out that if, at moderate temper¬ 
atures (i.e., when the decomposition of the CH 3 CO—O- radical would 

1,7 Baer. Groshcintz, and Fischer. J. Am. Ctum. Soc.. 61, 2607 (1939). 

,M Criegeo and BOchncr. Ber., 73, 563 (1940). 

M * See ref. 15. Chapter XI. 
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be very slow), lead tetraacetate tends to dissociate reversibly to lead 
diacetate and two free acetoxy radicals: 

Pb(OCOCH 3 ) 4 ♦=* Pb(OCOCH 3 )j + 2 0—COCH 3 

whence |-OCOCHi] - K|Pb(OAc) 4 ) H 


then glycol fission could possibly proceed via a diradical as follows 


—C 


■H 


-H 


—C—O—H 

I 


+ OCOCHj 



+ H—0—COCHa 


I 


Fust 


—C=0 

+ 

—c=o 
I 


and since for the actual glycol splitting the reaction velocity would be 
given by the expression 

Rate - * (Glycol)-1-OAcp 


the overall reaction velocity should be k-K- (Glycol)-(PbfOAcJJ, which 
accords with Criegee’s experimental findings. 

Though some ditertiarv 1,2-glycols, such as pinacol, can undoubtedly 
be split by simple free radicals, such as hydroxyl, ,M it now appears 151 
that dzradical formation is not an essential prerequisite for carbon- 
carbon bond fission in a 1,2-glycol. The ferf-butoxy radical, for instance, 
promptly splits to acetone and free methyl radicals both in the liquid 
and the vapor phases.'” 



Again, active free radicals appear regularly to attack C-H bonds 
rather than C—O— H bonds in primary and secondary alcohols or 
glycols. Moreover, the free-radical theory cannot adequately account 
for all the stereochemical kinetic evidence which does indicate mo 
strongly that intermediate cyclic lead compounds are involved. 


>» Waters, .Velars. 158, 380 (1W0). 

“* Men and Waters. J. CArm Soc.. ' , . V.. 70 . 88. 1336 (1648); Rust. 

Compare Raley. Rust, and Vaughan. /. Am. Chcm. boc.. 7«. 

Scubold. and Vaughan, ibid.. 70. 95 (1948). 
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Criegee ,M has suggested that the breakdown of these cyclic complexes 
(X) may well be a heterolytic process in which both positively and 
negatively polarized oxygen atoms are involved, as shown in the following 
scheme. 



He has represented the decompositions of the organic per acids and 
their esters in a similar way. 

The mechanism of glycol fission is given further consideration in later 
sections of this chapter. 

Glycol fission by lead tetrauretute is an oxidation process of great 
experimental value, since it can be used so easily for the structural 
diagnosis of complex organic substances. Since it is a quantitative 
reaction, the percentage of —('(OH)—('(OH)— groups in any substance 
can easily be estimated by mixing a weighed quantity of the material 
with a standard solution of lead tetraacetate in acetic acid and, after 
a sufficient interval, allowing the excess of tetravalent lead to react with 
potassium iodide and finally titrating with standard thiosulfate. Again, 
the fact that the reaction proceeds well in mixtures of acetic acid with 
solvents such as benzene, acetone, and ethyl acetate renders it a valuable 
complementary reagent to periodic acid, which acts best in aqueous 
solution. It has already been widely used for the preparation of rare 
sugars and sugar derivatives, and in the investigation of many natural 
and biological products. 

The glycol fission process can be extended in many directions. 
Criegee, Kraft, and Rank, 1 * 4 for instance, showed that it could be applied 
also to compounds containing the groups 


I 

—C—O—If 

and 

—C—N—H 

I I 

R 


R 

I 

N—H 


—C—N—H 

I I 


as well as to a-hydroxy acids. 

,u Criegeo. Ann., 660, 127 (1948). 

M Criegeo. Kraft, and Rank. Ann.. 607. 159 (1933). 
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Baer, 155 following up his discovery that moist solutions could be used, 
found that a-ketonic acids could be decarboxylated, e.g., 

Ph—CO—COOH + Pb(OAc>4 + H 2 0 

Ph—CO—OH + C0 2 + Ph(OAc)* + 2CH 3 COOH 

and o-hydroxyketones split, e.g., 

Ph—CH—C— Ph Ph—C—II II—O—C—Ph 

I II — II + II 

HO O 0 0 


in moist acetic acid. He ascribes these oxidations to the primary 
addition of water to the C=0 group to give a pseudo-glycol, since very 
little oxidation occurs in anhydrous acetic acid. Moreover, in the 
presence of alcohol or of hydrogen cyanide, esters or nitriles are formed. 

CHj—CO—COOH + EtOH 

CH,—C-C=0 — CH 3 —C=0 + C0 2 + HjO 

/ \ I I 

EtO OH OH OEt 


Ph—CO—COOH + HCN ;=* 

Ph—C-0=0 — Ph—C—O + C0 2 + H.0 

/ \ I I 

CN OH OH CX 


Following up this reaction, he showed that u mixture of pyruvic acid 
und choline chloride in dry acetic acid oxidized with lead tetraacetate to 
give acetyl choline (chloride) 

+ — 

CHj—CO—COOH + HO—CH,—CHj—NMe,CI -> 

CHi—TO—0—CHi—CHj—NMejCI - + CO, 


and commented on the biochemical significance of oxidations of tins 
type in connection with oxidations in rivn. In this connection, too, 
Waters ,ss has pointed out that biological acetylation may result from 
almost any free-radical oxidation of pyruvic acid, and that the important 
biological ucetyluting and phosphorating agent, acetyiphosphone 
acid CHs—CO—O—PO(OH) 2 , 1S! may very easily be formed fiom tree 
acetoxy radicals and solutions containing phosphates. 

« Baer. J. Am. Chrm. Soc.. 62. 1597. 1600 (1940); 64. 1416 (1942). 
a* Waters, Trans. Faraday Soc.. 39, 142 (1943) . I (1943) 

a= Lipmann. 7. Biol. Chrm.. 134. 463 (1940); S.n. «... Bu^rm.. 12. 1 (1943). 
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Though secondary 1,2-hydroxyamines oxidize by C—€ bond fission, 
the corresponding tertiary amines (e.g., XI) react by carbon-nitrogen 
bond fission, though at somewhat higher temperatures, 15 * e.g., 


Et 


N—CHj—CH 2 —OH 


XI 


Pb(OAc)« 

CO* 


■> 

Et/ 


NH + 0=CH—CH 3 OH 


Under these conditions, however, 1,3- and 1,4-hydroxyumines are also 
attacked slowly, though not the analogous 1,3- and 1,4-glvcols. It is 
possible, therefore, that this reaction may have a mechanism which 
more closely corresponds to the high-temperature reactions of lead tetra¬ 
acetate than to the glycol fission process. 


PERIODIC ACED u * 

Periodic acid was first introduced as a reagent for the oxidation of 
1,2-glycols by Malaprade in 1928, :uo but its scope and value only became 
evident a few years later as a result of the analytical studies of Fleurv 
and his colleagues, ,M who first confirmed Malaprade's conclusion that it 
attacked only 1,2-glycols, and later extended its use in the analysis of 
more complicated compounds of the carbohydrate group. They showed 
that free 1,2-glycols reacted quantitatively in neutral or dilute acid 
solutions, at room temperature, as follows, 

R—CH—CH—R' + HiO« — HIO a + R—CH + CH—R' 

II II II 

OH OH O O 

using up one atom of oxygen per molecule of glycol, while similarly 
polyhydric alcohols reacted 

HOCHj—(CHOH)„—CHjOH + (a + l)HIO« — 

(n -f l)HIOj + nllCOjH + 20H-0 + H.O 

to give formic acid only from the inner (CH—OH) groups of the curbon 
chain, or ring. The formic acid, formaldehyde, and other aldehydic or 
ketonic products were not further oxidized at room temperature either 

Leonard and Rebenstorf, J. Am. Chem. Soc., 67, 49 (1945). 

111 For practical details and bibliography of application.* sec E. L. J no Icon’s article in 
Vol. II of "Organic Reactions," Wiley. New York (1944). 

1,0 Malaprade, Hull. $oc. chim. France, (4) 43. 683 (1928): Compt. rend., 186. 382 (1928). 
Floury and Lange, J. pharm. chim.. (8J 17, 196, 313, 409 (1933); Fleury and Kotome. 
ibid., (8) 21, 247 (1935): Fleury and Boisaon, ibid.. (8| 30, 145 (1939); Fleury and Lange. 
Compt. rend., 196, 1395 (1932); Fleury and Paris, ibid., 196, 1416 (1933); Fleury and 
Boisson, ibid., 204, 1264 (1937); 208, 1509 (1939); Fleury and Courtois, ibid.. 209, 219 
(1939). 
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by iodic or periodic acids during a period of many hours, or even days, 
although the glycol fission was usually complete in less than 2 hours. 
Monohydric alcohols, such as methanol, are oxidized very slowly indeed 
by periodic acid, and even then only by prolonged heating on the water 
bath, while non-vicinal glycols, such as pentaerythritol, are also inert. 

It was immediately obvious to Flcurv and his colleagues that these 
oxidations, which can be carried out with standardized aqueous solutions 
of free periodic acid, H 5 I0 6 , or with solutions of sodium metaperiodate, 
NaI0 4 , in dilute sulfuric acid or sodium bicarbonate, were particularly 
valuable analytic procedures, since periodic acid can so easily be esti¬ 
mated volumetricallv. Originally Malaprade added acidified potassium 
iodide to his product and used the drop in thiosulfate titer between the 
values for the reactions 

HI0 4 + 7HI -♦ 41, + 4H?() and HIO, + 5HI 3I 2 + 3H 2 0 

to follow the course of the oxidation, but this procedure is sometimes 
inaccurate on account of the further slow oxidizing action of the free 
iodine. Fleury’s method of buffering with bicarbonate, adding a known 
excess of standard arsenite which reacts as follows: 

HIO, + HjAsOj — HIO, + HjAsO* 

and back-titrating with standard iodine, is a more trustworthy and 
generally a much safer procedure. Alternatively the partial reduction, 

NalO, + 2NaI + 2NaHCO, — NalO, + I* + 2Na,CO, + H 2 () 

which occurs in a bicarlwmate or boric acid-borax buffer can be used, 
but it may be noted that though these alternative procedures usually 
give concordant values for completed reactions they do not always give 
corresponding titers in reaction velocity determinations, since this 
depends upon the pH of the solution (see p. 1200) and probably other 
factors besides. 16 - Very often independent estimations of organic re¬ 
action products (e.g., estimation of formaldehyde with dimedone) are of 
great value in establishing the exact course of an oxidation. 

An extension of the Malaprade reaction to the a-hydroxy acids ,M 
very soon revealed a notable difference between the reactivities of 
periodic acid and of lead tetraacetate, for, whereas the latter reagent 
oxidizes all hydroxy acids as follows 


\\ —CH—C =0 + WO Ac) 4 

I I 

HO OH 


R—CH + C—O + I»b(OAc) 2 + 2 HO Ac 

II II 

o o 


Compare Hughe* and Nevell. Trans. Faradau Soc.. 44. 941 (1948). 
Henry and Lange. J. 1*1 313 (1*33). 
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periodic acid does not attack the — C(OIi)—C(0H)=0 group in cold 
solutions of compounds such as glycolic and malic acids, and free 
tartaric acid reacts quantitatively as follows 

HOOH-CH—CH—COOH + HI0 4 — 2HOOC—CH + HIO, + H 2 0 

I 1 il 

HO OH O 

without giving a trace of formaldehyde or carbon dioxide. Aqueous 
solutions of o-hydroxy ketones react, however, 

HOCH*—C—CH 2 —OH + HIO, — CH,0+H0—C—CH,OH 


Ph—CO—CH(OH)—Ph+HIO 4 — Pli—CO—OH+Ph—CH=0+ H10, 

presumably by way of the hydrated, C(OH) 2 , form of the carbonyl 
group. 1,2-Diketones react similarly, c.g., 

CH,—CO—CO—CH, + HIO* + H s O — 2CH,CO-OH + HIO, 

though with ketones which have little tendency to hydrate this reaction 
is often slow. Benzil, for example, is only 48% oxidized in 24 hours and 
not more than 80% oxidized in a fortnight at room temperature. 

In the sugar series, aldoses (e.g., glucose) are oxidized quantitatively 
to formaldehyde and formic acid and can in this way be differentiated 
from ketoses, e.g., fructose, which use up less periodic acid.“ s 

Aldose HOCHt(CHOH)«—CHO + 51110* — CH,0 + 5HC0,H + 5HI0, 

Ketose HOCH,(CHOH),COCH s OH + 4HI0* — 


CHjO + 3H('0jH + 4HIO, + HOOC— CH,OH 

Joint analyses for periodic acid consumption and of the aldehydes pro¬ 
duced can again be used to distinguish between hexoses, pentoses, and 
methyl pentoses in aqueous solution. 

The complete rupture of C—C linkages in the simple aldoses un¬ 
doubtedly occurs by a series of consecutive reactions, during which the 
ring structure of the sugar is broken down. When a glycoside is oxidized 

,M Clutterbuck and Router. J. Chtm. Soc., 1467 (1935). 

,tt Fleury and Lange. J. pharm. chim., (81 17, 409 (1933). 
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the first product is a dialdehyde which still retains the ether link of the 
original pyranose or furanose ring, 1 * 6 e.g., 




Consequently polysaccharides and their analogs, which can easily 
he oxidized in colloidal suspension, are broken down quantitatively in 
a way which very clearly indicates the natures of their component 
structural units. 167 As will be seen, formic acid does not split out unless 


COjH HO OH 

/ I I 

O CH CH—CH 

\ / \ / \ 

CH—O—CH CH—O—CH CH—O— 

/ 


\ 

/ 


\ 

/ 

\ 

/ 

CH- 

-CH 

0-CH 

1 

1 


\ 

HO 

OH 


COiH 


Alcinic acid 




COjH 

0 

0 


/ 

% 

/ 

0— 

-CH 

CH 

CH 

/ 

\ 

/ 

\ 

CH—0—CH 

CH—O—CH 

CH— 

\ 

/ 

\ 

/ 

CH 

CH 

O-CH 

/ 

% 


\ 

0 

0 


COjH 


1 111104 

| per C» unit 


three free hydroxyl groups are in vicinal positions. * 

Jnckson and Hudson. /. Am. Chrm. Soc., 58. 378 (1936): 69. 994 (1937). 
i« Compare Lucas and Stewart, ibid., 62, 1792 (1940). 
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In a similar way periodic acid can be used to distinguish between, or to 
analyze, mixtures of a- and 0-glycerophosphoric acids. 1 ** 


H 2 C—CH-CH 2 

I I I 

H—O O—H O—PO(OH)* 


a Alidilril 


H*C—CH-CH 2 

i I I 

H—O O O—H 

I 

PO(OH), 

0 not midiinl 


Again, just as with lead tetraacetate, compounds containing the 
—C-C— group oxidize easily, though —C—C— is not attacked. 

Ili II—NR H—(!) NR, 

Valuable analytical use has been made of this oxidation also, for im¬ 
portant /3-hydroxy-a-amino acids such as serine and threonine can 
thereby be estimated quantitatively in protein hydrolysates. Whereas 
most other amino acids are unattacked, these react as follows. 


R—CH—CH—C0 2 H + HlO« — R—CH + NH, + H—C—CO*H + HIO, 

II II II 

H—0 NH 2 O O 


In addition to the periodic acid consumption, both the ammonia liberated 
and, if necessary, the aldehyde can also be estimated.The few other 
amino acids, such as cystine, methionine, and tryptophane, which are 
oxidized by periodic acid do not liberate ammoniu. 

Many examples could also be quoted to illustrate the wide applica¬ 
bility of these specific oxidations in the elucidation of the structures of 
complex natural products, such as the steroid hormones and natural 
antibiotics as, for instance, streptomycin, but the details of researches of 
these types are outside the scope of this chapter. When using periodic 
acid, one practical point to remember is that the reagent is soluble in 
water and therefore these oxidations are most simply carried out in 
neutral or faintly acid aqueous solution. However, mixtures containing 
a high percentage of many other solvents, such as ethyl or ferf-butyl 
alcohols, dioxane, and ethyl acetate can also be employed. It is cus¬ 
tomary to take a known volume of a standard periodate solution and to 
test for completion of the oxidation by withdrawing aliquots of the 
reaction mixture for titration. The resultant iodate and any excess of 
periodate can generally be removed from the reaction product by 
precipitation with barium or strontium hydroxides; this step is often 

1U Floury and Paris. Compl. rend.. 196, 1416 (1933). 

,M Nicolet and Shinn. J. Am. CKm. Soc.. 6S. 1486 (1941). 
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essential if it is proposed to identify aldehydic or ketonic products by 
means of reagents such as phenylhydrazine. 

Relatively little attention has been paid to the mechanism of this 
valuable oxidation process, which provides a most striking example of 
the difference in behavior of periodic and iodic acids, and further is a 
reaction which has no parallel in the chemistry of either chlorine or 
bromine. 

By analogy with lead tetraacetate, it was soon suggested that the 
oxidation occurred by the transient formation of a cyclic iodine com¬ 
pound, e.g., 


—C—0—H 

I 

—C—0—H 


+ HiIO« 


—O—IO(OH) 4 


—C—O—II 




IO(OH), 


—C=0 


+ HIOi + II jO 


The cyclic iodine derivative A is essentially an ester, and, though 
esterification of an acid by an alcohol in very dilute aqueous solution 
is unusual, an analogous reaction with boric acid, whereby cyclic boron 
compounds can easily be formed from n's-1,2-glycols, can be invoked to 
show that esterification of a glycol in dilute solution cannot be dis¬ 
counted as improbable. 

C. C. Price and his colleagues 170 have had only partial success in 
analyzing kinetically the mechanism of periodate oxidation, because the 
rate of the reaction is dependent upon the pH of the solution and is 
susceptible to acid and base catalysis. In very dilute solution the oxi¬ 
dation appears to be a second-order reaction, in which periodic acid, 
H 5 I0 6 , appears to behave as a dibasic acid with the anion (H 4 IOo) as 
the reacting entity. As would be expected of an esterification process, 
the intermediate complex A appears to be formed by a reversible 
reaction 171 In alkaline solution the hydrolysis of this ester would he 
favored, and, as would be anticipated, the oxidation then proceeds so 
very much more slowly that but few glycols can be oxidized in solutions 
of over pH 7. Between pH 3 and pH <i the rate of reaction is scarcely 
affected by the acidity of the solution, since H + catalysis is then balanced 

no p ri cc and Knell, ibid.. <*. 552 (1942): Price and Kroll. ibid.. 60. 2726 (1938). 

.» Duke. ibid.. 69. 3054 (1947). 
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by diminishing ionization of H 5 I0 6 to active (H 4 IOr,) _ . One other 
significant point of relevance to this intermediate ester theory is the 
inertness of the a-hydroxy acids, such as glycolic acid. If these did 
yield cyclic derivatives of iodine, an acid anhydride would be formed in 
dilute solution, and this certainly would be most unusual. 

Criegee and Beucker 172 have shown that a number of analogs of lead 
tetraacetate will effect glycol fission, and among these the diacetates of 
the aromatic iodoso compounds, e.g., C«H$—IfOCOCHa)*, are quite 
effective. They effect glycol fission at a rate much slower than that for 
lead tetraacetate, and attack m-glvcols very much faster than tran.s- 
glycols. Criegee and Beucker were able to relate the rate of reaction of a 
substituted iodosoacetate, R—(V.H 4 —I(OAc) 2 , with the polar character 
of the substituent R— and showed that electron-donuting groups such as 
CH 3 — enhanced reaction, whereas electron-attracting groups such as 
N0 2 — diminished reactivity. In accordance with this they suggested 
that one essential stage in the oxidation was the formation of the cation 
R—C 6 H 4 —1 + + , which then combined with the glycol to give the usual 
type of cyclic complex. 

It—C«H«—I(OCOCHa), ^ K—C'#H 4 —+ 2<:OCOCH a )- 

I 

H—O—C 

R—C 4 H 4 —1 + * + 

H—O—C 

I 

Slack and Waters ,;a have pointed out thut in ull glycol fission processes 
there seems to be formed a link, through oxygen between carbon and a 
heavy metal in a high valency state, eg., C—O—I NI1 , C —O—Pb IV , 
and they suggest that whereas the C—O—H bond normally breaks 
hcterolytically, so that the oxygen retains the complete electron octet, 

i.c., C—0—II —» G—O: + H + , the oxidizing (electron-abstracting) 
power of the heavy atom operates so as to break the oxygen bond 
homolytically, —C—O—I vn —* C—O- + I vl . Criegee ,M and others, 
however, dissent from this view. For the periodate oxidation in particu¬ 
lar, the available experimental evidence seems to substantiate the theory 
of intermediate complex formation, though as yet no cyclic compounds 
of type A have been isolated, and it is not clear why periodic acid should, 
in this esterification process, behave so differently from, say, iodic or 
perchloric acids. A comparison with the reactions of chromyl chloride 

,n Criegee and Beucker. Ann., 641. 218 (1939). 

1,1 Slack and Waters. J. CKcm. Soc.. 594 (1949). 


** K—C*H 4 — if | + 2H 

x>—c 
I 
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(p. 1209) shows that argument by analogy in favor of the formation of a 
cyclic intermediate may be tenuous. 

In the case of lead tetraacetate (p. 1189) it will be remembered that 
additional oxidation reactions were exhibited in hot solution. Fleury 
and his colleagues showed that the prolonged treatment of glycols with 
hot solutions of periodic acid eventually degraded them to carbon 
dioxide and water; at lower temperatures, too, appreciable oxidation of 
other substances is often evident after a period of some days. Huebner, 
Ames, and Bubl 174 have studied this slow oxidation further and have 
shown that, as would be expected, periodic acid slowly attacks com¬ 
pounds, such as malonic acid, which contain active methylene groups, 
and oxidize their reactive C—H links to C—O—H. These oxidations, 
however, do not seem to be analogous to the high-temperature oxidations 
effected by lead tetraacetate. 


CHROMIC ACID AND CHROMYL CHLORIDE 


Chromic acid is the favorite oxidizing agent of most organic chemists, 
for it can conveniently be used in homogeneous aqueous or acetic acid 
solution for degrading complex substances of many types to stable acids 
or ketones which can easily be separated in high yield and in a pure state. 
Chromic acid oxidations can often provide an investigator with a deal- 
indication of the essential structural type of an unknown compound. 
For instance, the presence and the orientation of an aliphatic side chain 
in an aromatic compound can easily be established by oxidizing it with 
chromic acid to a recognizable substituted benzoic acid, e g., 




A primary alcohol will yield the corresponding acid; a secondary alcohol 
will give a ketone, and this may often denote the presence of a ring 
system, e.g., 


CH*—CH 


CH; 



CH*—CH-CH, 

I \ 

X—CH, 0=0 

I / 

CH,—CH-CH, 

Tropinonc 


In the aliphatic series the degradation of a hydrocarbon chain may 
proceed further still and leave only acetic acid. Along these lines Kuhn 

m Huebner. Arne*. and Bubl. J. Am. Chem. Sot.. 68. 1021 (1940). 
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and Roth 175 have developed a useful microchemical technique for 
estimating the total number of terminal and side-chain methyl groups 
in organic substances; thus 

CHa—(CH 5 ) n —CH—(CH*).,—CH—CO*H — 3CH s COOH 

I I 

CH, C*H* 


CII-—Cll: 

/ \ 

CHa—OH CO — 2CH 3 COOH 

\ / 

CH.—CH 

\ 

CHa 


This procedure may be applied to ring systems, too, and fails only when 
the gem-dimethyl (CH 3 ) 2 C: or/erf-butyl group is present, 174 ** though for 
accuracy it is advisable to conduct blank tests with known substances 
of similar chemical type to the material under investigation. 

Often it is necessary to modify the oxidizing action of chromic acid 
by “protecting” certain vulnerable parts of organic molecules, such as 
—C—OH or —C—NHj, by alkylation or acylation. For example, 
phenolic substances are completely oxidized by chromic acid, but by 
methylation the aromatic ring structure can be preserved and so iden¬ 
tified. 



Again the action of chromic acid can be modified by using only a 
limited quantity of the reagent or by taking steps to stabilize inter¬ 
mediate products, and in this way the degradation of a complex molecule 
can often be carried out in regulated stages. For this reason it is prefer¬ 
able to add the chromic acid gradually to the solution which is being 
oxidized rather than to adopt the reverse procedure. Substances 

,n Kuhn and Roth. Der., 66, 1274 (1933); see Milton and Waters, "Methods of Quanti¬ 
tative Micro-analysis." Edward Arnold and Co.. London (1949). 

Campbell and Morton. J. Chem. Soc., 1693 (1952). 
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soluble in water are usually oxidized by means of potassium (or prefer¬ 
ably the more soluble sodium) bichromate and aqueous sulfuric acid; for 
substances that are quite insoluble in water a solution of chromium 
trioxide in glacial acetic acid is normally used, often with the addition 
of free sulfuric acid and sometimes of acetic anhydride. The last 
mixture should not be heated, however, since a violent reaction between 
chromium trioxide and acetic anhydride sets in at about 90°. 176 For 
certain oxidations in which concentrated sulfuric acid might cause 
charring, chromic acid-phosphoric acid mixtures have been used. 

The extent to which the courses of chromic acid oxidations can be 
modified by adjusting the experimental conditions is not often realized; 
in fact not only the yield but even the chemical natures of the oxidation 
products cannot infrequently be changed by altering the solvent or the 
reaction temperature. For instance, primary alcohols are easily oxidized 
to the corresponding carboxylic acid by taking chromic acid in excess, 
but the intermediate aldehyde can usually be recovered in fair yield if 
precautions are taken to prevent its further oxidation. Thus the 
standard laboratory preparation of acetaldehyde from ethyl alcohol by 
bichromate oxidation is successful because the volatile acetaldehyde 
immediately distils from the hot chromic acid solution and so escapes 
further oxidation. Less-volatile aldehydes cannot be separated in this 
way, but if a suitable compound is oxidized by chromium trioxide at a 
moderate temperature in a mixture of acetic acid and acetic anhydride 
then the aldehydic product can be stabilized in the form of its diacetyl 
derivative, and so separated. 

OCOCH, 



OCOCH, 


Alternatively, fitard’s reagent (chromyl chloride) can be used in an 
inert solvent, such as carbon disulfide or carbon tetrachloride, when 
again the oxidation stops at the aldehydic stage (p. 1208). 

Again, both the rate of oxidation and the eventual yield of the desired 
product can be changed by altering the concentration, water content, 
and acidity of a chromic acid oxidation mixture. One reason for this 
can be ascribed to the fact that in aqueous solutions equilibria must 

potenti.!." 1 The —» 

:sss=s isszxzzx ~»». 



OXIDATION PROCESSES 


1205 


of other acids, e.g., H 2 S0 4 , to the oxidizing mixtures will obviously affect 
these equilibria, and it must never be forgotten that acid is consumed as 
the oxidation proceeds, since the final reduction product, Cr +++ , is the 
cation of a weak base. Acids and salts can have a still more profound 
effect in glacial acetic acid solution than in aqueous solution, as can be 
seen by reference to Fig. 3, which gives typical reaction-velocity curves 
for the oxidation of diphenylmethane with chromium trioxide in glacial 
acetic acid solution. 177 * 



Time, mmole* 

Fig. 3. Oxidation of diphenylmethane with chromic acid. 


Curve A. 1 mole Ph*CH? to 0.75 mole CrOj. Curve I). |A| + 5^< of HjSO^IbO. 
Curve H. Ph 2 CiI 2 in excess. Curve E. |AJ + anhydrous H 2 SO«. 

Curve C. (A| + Cr ++ + (2 moles). 

As curve A indicates, the course of the oxidation is complex and 
virtually stops long before all the hexavalent chromium has been reduced, 
even though a considerable excess of hydrocarbon may still be present 
(curve B). Curve C shows that this cessation of oxidation is due to the 
action of Cr +++ cations, which combine with free chromic ucid to form 
a salt, probably Cr(HCr0 4 )(0Ac) 2 , m which has very little oxidizing 
power and little tendency to dissociate. The addition to the oxidation 
mixture of neutral salts (e.g., potassium acetate) may provide other 
cations which are capable of forming inactive chromates in just the 
same way. On the other hand, as curves D and E show, the addition 

,,7b Compare Slack and Water*. J. Chrm. Soc., 1666 (1948). 

m Slack and Water*, ibid., 594. 599 (1949). 
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of a little sulfuric acid, which removes the Cr +++ as undissociated 
chromic sulfate, insures that all the hexavalent chromium remains in the 
free active form, and consequently oxidation is then both rapid and 
complete. 

The mechanisms whereby organic substances are oxidized by chromic 
acid are not easy to elucidate, but there can be no doubt that the three- 
electron transition from Cr' 1 in Cr0 3 to Cr m in a chromic salt must 
occur in stages, especially when organic molecules are attacked at 
electron-pair bonds such as C—H. Chemical literature does in fact 
contain many scattered references to observations which are indicative 
of the transient existence of highly active derivatives of both Cr v and 
Cr IV , and of the production of intermediate organic radicals in these 
oxidation processes. For example, though potassium bichromate does 
not react with an iodide in the presence of a bicarbonate buffer, never¬ 
theless some iodine is at once liberated if reacting mixtures of chromic 
and oxalic acids or, still better, chromic and lactic acids are poured into 
a potassium iodide-sodium bicarbonate mixture. 17 *’ During the oxi¬ 
dation of isopropyl alcohol with aqueous chromic acid, manganous salts 
can be oxidized to manganese dioxide. It is thought that this action is 
due to a transient derivative of Cr ,v . l7# 

Again, during the oxidations of many organic substances with chromic 
acid in glacial acetic acid solution oxygen may be absorbed by the re¬ 
acting system. As the study of autoxidation (sec p. 1142) has shown, 
this would accord with the postulate that free organic radicals may be 
present in the oxidizing mixture. Waters 110 has therefore suggested 
that one of the intermediate stages in chromic acid oxidation is a homo- 
Ivtic dehydrogenation. 

vi v 

RaC—H + O^CrO* — RaC- + H—O—CrO, 


In accordance with this view Slack and Waters ,77a have shown that the 
oxidation of diphenylmethane with chromium trioxide in acetic acid 
solution yields a small percentage of tetraphenylethane and a trace of 

succinic acid. . . 

However, the amount of oxygen that ran be taken up during the 

course of most chromic acid oxidations is, though detectable, usually 

so small that only a very minute concentration of free organic radicals 

can be present in any oxidizing mixture. Again it has been suggested by 


Wagner. Z. a nor*. Chem., 168. 279 (1928); compare Dhar. J. Ckem. 

^vn (1W3); Wcslheimcr and Wa.anabo. 

rw., *«..«. im a**: '• 1151 < 1946 '- 
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Westheimer and Watanabe 1,1 that chromium compounds of valence 
4 or 5 may also absorb oxygen from the air. Hence it may be concluded 
that if the initial reaction is a dehydrogenation of the type indicated 
above it must immediately be followed by very rapid subsequent re¬ 
actions between the organic residue and the chromium compound in 
which nearly all the active particles interact before they have time to 
migrate apart and truly become “free.” The work of Westheimer and 
his colleagues ,7 *' ,4, l “ on the oxidation of isopropyl alcohol has an 
important bearing on this subject. They have shown that the concurrent 
oxidation of manganese salts which can be brought about by this re¬ 
action mixture (see above) diminishes the rate of consumption of chromic 
acid in a way which indicates that the chromic acid is reduced, first of all, 
to a transient derivative of Cr ,v which is a stronger oxidizer than Cr' 1 . 
In the presence of the manganous salt the reaction sequence is then 

HCrO«" + CH,CH(OH)CH 3 — Cr* v + CH,COCH a 

Cr ,v + Mn + + — Cr +++ + Mn ++ + 

2Mn + + + + 2H,0 — Mn + + + MnO, + 4H + 

Again they have shown that deulero isopropyl alcohol, CH 3 CD(OH)CH 3 , 
oxidizes at about one-sixth of the rate of ordinary isopropyl alcohol, and 
they point out that this indicates that the initial uttack of the oxidizing 
agent must be on the central C—H (or C—D) bond of the alcohol 
molecule, for this is the only point at which the substitution of deuterium 
for hydrogen would so markedly change the chemical reactivity. Fur¬ 
ther evidence in support of the view that chromic acid is a dehydro- 
genator is the fact that it often attacks the a-methylenic group, as well 
as the double bond in the allylic system R'—CH 2 —CH=CH— R". 
For instance, the oxidation of cyclohexene yields 37% of A-2-cyclo- 
hexenone and 25% of adipic acid. m However, since chromic acid 


CH=CH 

/ \ 

CH, C=0 37% 


CH=CH 

/ \ 

/ 

\ / 
CH,—CH, 

ch, 

CH, 



\ 

/ 

\ 

CO,H CO,H 

CH,—CH, 

/ \ 


CH, CH, 25% 

CH,—CH, 

1,1 Wcsthoimer and Watanabe. J. Chem. Phv».. 17, 61 (1949). 

In Westheimer and Nicolaides, J. Am. Chem. See.. 71, 25 (1949). 
‘"Whitmore and Pedlow, ibid.. 63. 758 (1941). 
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readily attacks substances such as phenanthrene and tetrapheny(ethyl¬ 
ene at the double bond, dehydrogenation cannot be its only mode of 
action. Byers and Hickinbottom have shown that the chromic acid 
oxidation of 2,4,4-trimethylpentenc-l (I) gives largely the epoxide (II) 
together with its expected hydrolysis and molecular rearrangement 
products such as III and IV. This confirms the view that chromium 


CHt=C—CH*—C(CH*h C ro, CH * 

CH, ^ N/^CH, 

I II 


[ 5 -C(C H s ), 


CHj-C-CH?—C(CH 3 ) 3 HC—CH—CH ; —C(CH 3 ) 3 

I / \ II I 

HO HO CH, O CH 3 

hi iv 


trioxide can attack C=C links directly, but though the oxygen addition 
product II is the first detectable derivative of I this may itself result 
from a whole sequence of reactions. 

Valuable indications concerning the initial stages of chromic acid 
oxidation can be obtained by comparison with analogous oxidations 
effected by Etard’s reagent, viz., a solution of chromyl chloride, Cr0 2 CI 2 , 
in an inert solvent such as carbon disulfide or carbon tetrachloride. 
Etard showed that when toluene was treated with a cold solution of 
chromyl chloride in carbon disulfide it formed a definite insoluble 
complex, of formula (C*H 6 -CH 3 , 2Cr0 2 Cl 2 ), which decomposed 
violently on treatment with water to give bcnzaldehvde, chromic acid, 
and chromic chloride in accordance with the equation 


3(C«Ht—CH*, 2CrO*CU) + 3H*0 — 3C«H*—CHO + 2Cr0 3 + 4CrCI 3 


Although chromyl chloride is a highly corrosive agent which needs to be 
handled with great care, and on a small scale, this reaction has become a 
very useful method of oxidizing toluene derivatives to the aldehyde stage 
only. Bisks of fire can be eliminated by working in carbon tetrachloride, 
and bv pouring the first reaction product into acidified ferrous sulfate 
solution the loss of aldehyde by further oxidation can be minimized. 

Two points of theoretical interest are to be noted in connection with 
Etard’s reaction. First, the complex is formed without loss of either 
hydrogen chloride or water, so that the reaction is definitely not 

C<Hs —CH 3 + CrOjCI- - C«H*—CH=CiOj + 2HC1 


but must involve the Cr=0 an.l not the Cr-CI links. Second, the 

- Byers end HickinboUon, .Va/urr. 160. .02 

.« For » summary see ft.ard. An, r*.m. 1*1 *», 2>« <'8»»- 
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complex breaks down to give a mixture of Cr' 1 and Cr ln which, as 
fitard pointed out, might have been derived from a derivative of tetra- 
valent chromium, such as V. 

OH 

/ 

O—Cr—Cl 

\ 

Cl 

C*H»—CH 

Cl 

/ 

O—Cr—Cl 

\ 

OH 


In later work Slack and Waters 17 * have thrown further light on the 
mechanism of chromyl chloride oxidation by studying its action, in 
carbon tetrachloride solution, on 1,2-glycols such as pinacol and hydro¬ 
benzoin. These glycols give sparingly soluble complexes which, on 
treatment with water, are quantitatively split at the central C—C bond, 
and in accordance with Criegee’sschemes for lead tetraacetate oxidation 
(p. 1190) the formation of a cyclic complex such as VI was anticipated. 


CiHt-CH Ov ^ 
C«H»—CH—O' ^ 


O 

() 


VI 


However, analyses showed that the complexes have the molecular for¬ 
mula ((RCH—OH) 2 , 2Cr0 2 CI 2 ) and contain all the chlorine of the 
chromyl chloride, and two chromium atoms per molecule of glycol. 
Their breakdown with water can be represented as shown, involving a 
transient derivative of pcntavalcnt chromium 


OH 

I 

C 

/ I! \ OH 

C«H*—CH—0 O Cl w . lcr C«H»—CH—O* / 

1 -> | + 2Cr v —Cl 

CgHfc—CH—O’ || \ 

O Cl 


C e Hs—CH—O O Cl 

\ll/ 

Cr—Cl 
\ 

OH 


vn 


I 


2C«H|—CH=0 


2Cr VI to lCr 111 
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According to this scheme the oxidation occurs not during the for¬ 
mation of the initial complex VII but upon its breakdown by water, 
and the driving force of the oxidation is the tendency of the chromium 
atom to achieve its more stable reduced form by withdrawing an electron 
from the Cr—O bond, which breaks homolytically, so that one electron 
is acquired by the chromium atom, which then reduces its valence state 
from Cr VI to Cr v and subsequently this unstable fragment dispro- 
portionates. 

The close correspondence between these reactions of chromyl chloride 
and the reactions of chromic acid is shown by the fact that chromium 
trioxide in acetic anhydride oxidizes toluene substantially to benzalde- 
hyde, and that small quantities of formaldehyde are produced when the 
1 , 2 -glycols, ethylene glycol, glycerol, and mannitol are oxidized by 
chromic acid in acetic or dilute sulfuric acid solutions. 

Whereas the oxidations of 1,2-glycols by chromyl chloride and chromic 
acid can be represented as involving complex format ion at C—0—H links, 
the oxidations of hydrocarbons such as toluene necessarily require that 
the initial attack should be at C-H links. To accord with their kinetic 
evidence, Slack and Waters proposed the tentative scheme shown, in 


RjC—H + 0 




Slow 


Rote 
determining 


► R,C* + H—0—Cr 




1 


0 


(K 


Trace of free N - 
radicals 



H possibly) 


1 


0 


Fast. 

^ mainly 

intramolecular 


A RaC—0—Cr* V 
T) 

Hydrolysis I 

RC.-OH*"" + 


2Cr'“to lCr vl 


which a complex of the Etard type containing Cr ,v may bo formed 
almost immediately. Reaction-velocity measurements showed that l e 
breakdown of this complex must be a comparatively slow process. 1 l>or 

Sir.™ s- »b™i «-«»«»• .«h u»« ° f w-ta— 

his colleagues- has been proposed t0 exp i ain the actions of 

, n °- m trioxide or chromyl chloride upon olefinic links. Here again 
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established, 1850 and it has been shown that on hydrolysis they yield 
trans glycols. 

Thus, to summarize present evidence, it seems as if oxidations in¬ 
volving the conversion of Cr VI to Cr m do occur in stages and that there 
is particularly strong evidence in favor of the transient existence of 
derivatives of quadrivalent chromium. Nevertheless, certain of the 
intermediate changes arc so rapid that they may be intramolecular 
rearrangements rather than intcrmolecular reactions of separable 
particles. 

POTASSIUM PERMANGANATE 

Potassium permanganate is a very powerful oxidizing agent, which 
can react in several different ways and which may yield quite different 
reaction products according to whether it is used in limited amounts 
or in excess or, again, whether it is used in strongly acid, neutral, or 
alkaline solution. Though aqueous solutions of potassium permanganate 
are chosen whenever possible, the fact that it is somewhat soluble in 
both dry acetone and dry pyridine greatly enlarges the scope of its 
applicability. 

In the presence of a large excess of sulfuric acid potassium permanga¬ 
nate is reduced to a manganous salt 

(MnO«)- + be + 8H + — Mn* + + 4H S 0 

but in weakly acid, neutral, or alkaline solution it yields manganese 
dioxide 

(M 11 O 4 )- + 3e + 411 + -* MnOs + 2H 8 0 

This formation of brown manganese dioxide can occur even in strong 
acetic acid solution; it is in part explicable by the fact that in the pres¬ 
ence of alkali potassium permanganate can itself oxidize manganous 
hydroxide to manganese dioxide or even to manganate. 

Since both acids and alkalies can effect other chemical changes 
during the course of prolonged permanganate oxidations of organic 
substances, neutral conditions of reaction are often highly desirable. 
If aqueous solutions are being used, neutrality can be secured by the 
addition of a suitable buffer, such us sodium phosphate, in large excess, 
but if a solvent such as acetone is needed, then recourse may be made 
to the simple device of adding a powdered neutral salt such as magnesium 
sulfate or zinc sulfate, when, since the solution tends to become more 
alkaline os reaction proceeds, the separation of the insoluble metallic 
hydroxide sets an upper limit to the alkalinity which is attained. In 

ltu CrUtol mid EUar. J. Am. Chem. Soc.. 72. 4353 (1950). 
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this way, for instance, it is possible to oxidize the side chain of o-aceto- 
toluididc without hydrolyzing off the protecting acetyl group. 


0 CH3 KM„o, I^COOH 

NHCOCH3 (McSOt>> k^NHCOCHa 


Dilute, ice-cold solutions of potassium permanganate will promptly 
oxidize olefins to cis- 1,2-glycols in a way which indicates that there 
may be a very strong similarity between the reactivities of the per¬ 
manganate (MnO^)"" or manganate (MnO-i)" anions and the neutral 
molecule of osmium tetroxide, OsO* (p. 1180). 'I his simple reaction is 
often used as a specific test for “unsaturation,” but it is important to 
remember that an excess of the reagent will oxidize glycols quite easily 
with the formation of acidic or ketonic products of greater stability. 


lU AV R\ /R' „ / R 

V=C’< - V-- R—CO—OH + 0-C< 

11 / Sr h^i |Sr X R" 


Oil OH 


Sometimes, however, the final products may result from acid- or 
alkali-catalyzed isomerizations of the intermediate glycol. For instance, 
the permanganate oxidation of camphene yields both camphenilone and 
camphenic acid; the latter oxidation involves at some stage a molecular 
rearrangement. 

XH. /CH, 

CH S -CH-C< CH,—CH C'<" 

I |NjH, I i.. PCH. 

CH, 

CH,—CH—0=CH, 

Camphonr 


. r* 1 

CH,—CH—C=0 

CaiiipliriuloiH' 


/C1I, 

CHr-CH-C< 

I I X CH, 

CH, CO-11 

I 

CH,—CH—CO,H 

Camphrnic acid 

Though acetone itself is fairly resistant to hot permanganate the 
higher ketones can be oxidized at a CO—C link, and e\en a «P ,a 
}* • nnn ho broken until acetic acid and carbon dioxide remain as the 
— link of amines is again broken qm.e 

e"silv 1 In general, aromatic rings are much more resistant a, |°" 

by permanganate than attached aliphatic s.de ehams. though the 
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benzene ring itself is not completely resistant to attack. In this con¬ 
nection it is important to note that in lx>th quinoline and isoquAiolme 
it is the benzenoid ring rather than the pyridine ring that is first oxidized. 

CQ 

Quinoline 

The reverse, however, is true for pyridinium bases, which very easily 
oxidize via the quinolones. Heterocyclic compounds, therefore, may be¬ 
have quite differently on treatment with acid or alkaline permanganate. 

As yet few final conclusions have been reached concerning the mecha¬ 
nisms of oxidation of organic compounds by potassium permanganate. 
Since a 5-elcctron change is involved in passing from KMnO* to Mn 
it is clear that the oxidations of the single (c.g., C— H, C—C) or double 
(0=C) covalences of organic compounds must occur in stages in which 
manganese compounds of intermediate valencies are involved. 

In many permanganate oxidations the transient production of a 
cherry-red color, indicative of manganic ions, Mn + 4 **, can be observed, 
and in strongly acid solutions manganic salts can l>e prepared by oxi¬ 
dizing manganous salts with permanganate. The equilibria 

++ 

2(MnO«)“ + 3Mn + + + lf>H + ♦=* 5Mn ++ + 8H,0 
Mn + + + Mn + + 5=i 2Mn + + + 

have therefore been postulated as essential parts of reaction schemes 
involving permanganate oxidation, 1 * 6 particularly for those reactions, 
such as the oxidation of oxalic acid, which have been shown to be 
positively catalyzed by manganous ions. To support this view it has 
been shown by Launer that fluoride ions, which arc capable of removing 
manganous, Mn ++ , ions from solution by complex formation, though not 

Mn +++ or Mn ++ ions, can inhibit the oxidation of oxalic acid by acid 
permanganate for as long as 200 hours. 

Now manganic salts have a very high oxidation potential, comparable 
with that of ceric salts, and can l>e used volumetrically in similar ways. 
Hence, since the changes 

e + Mn +++ -»Mn ++ and e + (Mn0 4 )“ -* (MnO«)“ 

++ 

are, like the established reaction e + Ce ++ —* Ce +++ , both one- 
electron transitions, it is probable that to many of the more far-reaching 

Launer. ibid.. 54, 2597 (1932); Launer and Yost, ibid., 5$, 2571 (1934). 


iiooc— 

IIOOC-J\ ^ 
N 

Quinolinic acid 
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oxidations of potassium permanganate should be assigned mechanisms 
involving single electron removal (see below). On the other hand, 
the occurrence of two-electron transitions, i.e., 

++ ++ 

2e + Mn ++ -► Mn ++ or 2e + (Mn0 4 )~ + SH + -► Mn ++ + 4H 2 0 

similar to those which may be involved in the degradations of quadri- 

+ + 

valent lead, 2e + Pb ++ —* Pb ++ , should not be overlooked. There is 
as yet little evidence for the transient existence of pentavalent 
manganese. Indeed, examples could be quoted of permanganate oxi¬ 
dations which correspond in type to nearly every one of the specific 
reactions which are discussed in the other sections of this chapter. 
The cis oxidation of olefins, for instance, recalls the action of 0s0 4 ; 
many vigorous oxidations show that potassium permanganate and 
chromic acid can behave in similar ways, and again the simple oxidation 
of oxalic acid has been explained by introducing a one-electron transition 

Mn +++ + (C,0 4 )- — Mn ++ + C0 2 + (CO,)" 

in which a transient radical-ion is concerned. 

An interesting parallel between the reactions of potassium permanga¬ 
nate and of lend tetraacetate and diacetyl peroxide has been reported by 
Griehl, 1 ® 7 who has found that a-naphthylacetic acid can be obtained by 
oxidizing naphthalene with potassium permanganate in hot acetic 
anhydride solution, while under similar circumstances n-propylbenzene 
yields a little 3,4-diphenylhexane. Thus, like so many other oxidizing 
agents, potassium permanganate can be a dehydrogenator. The 
detailed analysis of all those possibilities is beyond the scope of this 
chapter, and but little diagnostic evidence is available. 


IONIC OXIDIZING AGENTS 


It is convenient to classify together a whole group of oxidizing agents 
such as ceric sulfate, ferric chloride, potassium fcrricyanidc, ammoniacal 
silver nitrate, and Fehling’s solution, in all of which simple or complex 
ions act as electron-abstracting agents only, e.g., 

Fe +++ + e -» Fe ++ 


(Fe(CN).)= + e — (Fe(CN)*)^ 
(Ag(NHj),) + + e -» Ag + 2NH* 


A number of organic 
water-soluble quinonoid 


oxidizing agents, such as the quinoncs, and 
dyestuffs such as methylene blue and the 


W Grichl, Btr.. 80, 410 (1947). 
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indophenols, belong to the same category. On account of their wide 
diversity it is possible only to draw attention to a few salient features 
regarding their properties. 

With respect to an inert metallic electrode, the electronic changes 
exhibited by all these substances arc thermodynamically reversible 
when both the starting products and the resultant reaction products 
remain completely in solution, and under these circumstances the 
relative oxidizing powers of the different ionic reagents can be gauged by 
their oxidation-reduction potentials, ceric salts being among the most 
powerful and silver salts alxmt the most moderate reagents of this type. 
Usually, however, when ionic reagents are employed to oxidize organic 
substances, the process as a whole is irreversible; for instance, though an 
aldehyde can easily be oxidized to a carboxylic acid, the reverse action 
docs not take place. Consequently the use of oxidation-reduction 
potentials in relation to the reactions of organic compounds is severely 
limited. 

Conant, however,' 1 * has pointed out that “apparent oxidation (or 
reduction) potentials" can be assigned to many irreversibly oxidizablc 
organic substances, such as aromatic nitro compounds, azo dyes, olefins, 
and ketones, by determining which reversible ionic oxidizing agents can 
bring about significant chemical change, and which cannot. l*or 
example, an equimolar mixture of potassium fcri ieyanide and potassium 
ferrocyanide (AY - 0.63 volt) will effect the rapid irreversible oxidation 
of l-amino-4-naphthol in dilute acid, whereas a corresponding mixture 
of 1,4-naphthoquinone and its hydroquinonc (E </ = 0.43 volt) will not. 
Consequently the “apparent oxidation potential" of l-amino-4-naphthol 
must lie between these limits. Studies of this type show the case of 
reduction of simple groups to be NO* > N=N > C=C, which roughly 
accords with relative values obtained polarographically, but in a different 
environment. 

Conant tentatively suggested that oxidations involving ionic agents 
probably involved (i) a rapid reversible step, followed by (ii) a slow 
irreversible step. 

In broad outline this concept appears to be true, and generally it 
accords with qualitative experiences of experimental organic chemists. 

Mis first postulate, that the initial stage of an oxidation by an ionic 
reagent is a reversible process, can be substantiated experimentally in 

many cases for the oxidations of organic compounds containing C—O—H, 
• • • • 
or C—N<( bonds, from the oxygen or nitrogen atom of which it is 

IM Conant, Chem. Rets., 3, 1 (1927); Conant and Pratt, J. Am. Chem. Soc., 48, 3178. 
3220 (1926). 
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possible to remove reversibly one of the unshared electrons to leave a 
free oxygen or nitrogen radical. It does not hold for saturated carbon 
compounds containing paraffin chains, the oxidation of which requires 
the primary removal of a protecting hydrogen atom. 

The clearest evidence that oxidations of hydroxy or amino compounds 
with ionic reagents take the primary course of electron abstraction is 
provided by Pummerer’s studies of the oxidation of phenols with alkaline 
potassium ferricyanide, for he showed clearly that the primary organic 
oxidation product was a mcsomcric aroxyl radical by isolating and 
identifying the possible dimeric products. A little later Goldschmidt 
succeeded, in a few cases, in establishing the independent existence of 
certain of these aroxyl radicals, and more recently Michaelis has con¬ 
clusively established their important role in the reversible oxidations of 
hydroquinones. 

Pummerer’s work is today of added interest on account of the light 
it throws upon resonance in aromatic systems. About the simplest 
example of an oxidation by an ionic reagent is the reaction between 
ferric chloride and a-naphthol. 

The primary reversible stage yields the mesomeric naphthoxv radical 

(C, 0 Ht— 0:)- + Fe +++ «=* C.oHr-O- + Fe + + 

O O 



This then dimerizes in the carbon radical form and the methylene 
quinone then reverts to the aromatic, more stable, state by migration of 
hydrogen ions. 
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0-Naphthol will dimerize similarly, but on oxidation in alkaline 
solution by potassium ferrievanide one of the products is the phenolic 
ether I. This shows that the chemical reactivity of the mesomeric 
0 -naphthoxy radical can l»c exhibited at more than one point in its 
molecule. 

Evidently as a pair of mesomeric radicals (to which no graphic 
formula can adequately l>c assigned) encounter each other they must be 
able to perturb each other’s electronic systems so that they may take 
up alternative activated transition states which are very close to the 
different “canonical structures" II and III in each of which the unpaired 
electrons are shown as being localized at a possible point of chemical 
reactivity. 

This formulation is helpful for resonance systems in general; they 
always read via activated states which approximate to conventional 
formulas with localized bonds ami “points of free affinity." 



A still more interesting case is afforded by p-crcsol, which when 
oxidized by potassium ferricyanidc in the presence of sodium carbon¬ 
ate 189 gives a small amount of the dicresol \\ and about 209c the 
unsaturated ketone V. Evidently the reaction formulas VI, VII, and 
VIII are all cogent in the consideration of the transition states of this 
mesomeric aroxyl radical. 




H, 


,M Pummcrcr, Melamed, nnd Puttfarcken, Rcr., 55, 3116 (1922); Piinuncrcr, Putt- 
farckon, and Schopflochcr. Her., 68, ISOS (1925). 
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The structure of the unsaturated ketone V has been confirmed con¬ 
clusively by Westerfield and Lowe, 1 * 0 who obtained both IV and V by 
oxidizing p-cresol in neutral solution with dilute hydrogen peroxide 
together with the enzyme peroxidase. This work affords an important 
proof of the free-radical nature of an enzyme oxidation. 

Again, the formation of the ketone V shows that a substituent in the 
ortho or para positions to a phenolic group does not necessarily prevent 
the formation of quinonoid structures. On the other hand, Goldschmidt 
and his colleagues have shown that the oxidation of 9-substituted 
phenanthranols, such as IX, yields free aroxyl radicals which, in part, 
only dimerize to dissociable peroxides, such as X. m 



Corresponding evidence for the transient radical stage in the oxi¬ 
dations of simpler organic compounds, such as the aldehydes which are 
easily oxidized by Fehling's solution and potassium ferricyanide, is 
fragmentary, though Conant and his colleagues have shown that this 
oxidation is quite complex. It may be noted that aldehydes arc most 
easily oxidized in alkaline solution when the same primary process of 
electron abstraction could easily occur, thus, 


O 

/ 

It—C + (OH) 

\ 

II 


OH OH 

/- / 

It—C-O: «=i R—C—O- +c 

A A 


m Westerfield and Lowe. J. Biol. Chem.. 145, 463 (1942). Q . 

>*> Goldschmidt and Steiger. old. Ann.. 438. 202 (1924); Goldaehnudt. Her.. 58. 3194 
/iQ22>' Goldschmidt and Schmidt. Her.. 66, 319. (1922). 

m Conant and Aston. J. Am. Chan. Soc.. 50. 2783 (.928); Conant. Aston, and Tongbcrg. 

ibid.. 52, 407 (1930). 
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To conclude this section dealing with oxidations effected by inorganic 
ions it may be pointed out that the oxidizing actions of potassium 
permanganate must be, in some part, of this electron-abstracting type. 
The initial stage of permanganate oxidation is undoubtedly a one- 
electron transfer which yields a manganatc anion, and the final step in 
acid solution is again a conversion of a manganic ion to a manganous ion, 
but as yet the natures of the intermediate steps arc uncertain. 

In general it may be said that the availability of inorganic ions of 
oxidizing or reducing properties is limited, and there arc several gaps 
of as much as 0.3 volt in the oxidation-reduction potential tables which 
cannot be filled by an accessible inorganic reagent. In contrast to this, 
the choice of organic quinonoid compounds which can be reversibly 
reduced to hydroquinones is almost unlimited. As instanced already, 
these substances can be used for the evaluation of apparent oxidation- 
reduction potentials of molecules of all types. From the practical 
standpoint they have important applications in analytical chemistry and 
biochemistry. The reduced forms of these substances have an important 
role in the chemistry of photographic development processes. Michaelis 
and his colleagues 1,1 have shown that, though the conversion of a 
quinone to a hydroquinone is a two-electron change, the independent 
existence of the intermediate semiquinone radical, XI, which is a 
resonance-stabilized hybrid of much greater stability than the radicals 
derived from the monohydrie phenols, can be proved by both mngnetc- 
chemical and potentiomctric measurements. Often, however, it exists 
in equilibrium with the quinhydronc dimer of type XII. These quin- 
hydrones are not paramagnetic, and the two sections of the molecule 
appear to be held together by hydrogen bonds. 

XII 

The free semiquinonoid radicals obtainable by the oxidation of 
1,4- or 1,2-dihydric phenols are most stable in alkaline solution, since 
the odd electron can then be distributed over the whole molecule so as 
to give a symmetrical radical-anion such as XIII. Similarly the “Wurs- 

m Michaelis, Chan. Raa.. 16. 243 (1935); Michaelis and Schubert, ibid.. 22, 437 (1938); 
Michaelis d at.. J. Am. Chan. See.. 60. 202. 1678 (1938); 61. 1981 (1939); 63. 351 (1941); 
Michaelis. ibid., 63. 2446 (1941); Granick and Michaelis, ibid., 69. 2983 (1947). 
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ter s salts,” the radicals obtained by the oxidation of para diamines, arc 
stable in strongly acid solution, since they can then form symmetrical 
radical-cations (XIY). 



XIV 


+ 


Methylene blue, pyocyanine, and the indophenols, to instance but a 
few basic dyestuffs and oxidation-reduction indicators of great bio¬ 
chemical value, operate in this way. Detailed consideration cannot, 
however, be given to them in this chapter. 


NITROUS ACID, ALKYL NITRITES, AND ORGANIC NITROSO 

COMPOUNDS 


Although many of the well-known reactions of nitrous acid with 
amines and phenols can justifiably be classed as oxidations (c.g., the 
reactions which lead to the formation of indophenol and indaminc 
dyestuffs), in this brief section it is possible to deal in any detail with only 
the outstanding specific use of nitrous acid and its derivatives, i.e., for 
the oxidation of the reactive hydrogen atoms in various groups such as 
—CO—CH 2 — and —CH 2 —CN. 

For a period of almost 50 years before the introduction of selenium 
dioxide as an alternative reagent, nitrous acid and its esters afforded 
almost the only practicable means of preparing aliphatic 1 , 2 -dikctonesor 
ketoaldchydes, and were particularly valuable both for the controlled 
degradation of cyclic ketones, c.g., 



C=NOH 


C.H 


■c; 


Cnniphor 


I>onUro>o- 

ramphor 



Camplior- 

quinonc 


/C0 2 II 

C 8 Hm< 

x co 2 h 


Cninphorie 

ncid 


and for the preparation of the amino ketones that were needed for many 
important syntheses, e.g., 

p| l _CO—CH* — Ph—CO—CH=NOH — Ph—CO—CHj—NH 2 


This specific reaction is primarily due to CIaiscn, ,M who showed that, 
under the influence of sodium etl.oxide, alkyl nitrites could be eon- 


,w Claison, Der., 20, 656 (1887). 
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densed with the reactive methylene groups of ketones in just the same 
way as ethyl acetoaeetatc can be made from ethyl acetate 


Ph—CO— C * H j-HH + CsH ii—O- -N=0 — 

Pli—CO—CH t—N= 0 + C 4 HnOH 


Compare 


i 

Ph—CO—C’H=N—OH 


CHa—C0--0—CsHfc + fP-CH*-COOC 8 H* — 

CH*—CO—CH-—COOCjlU 


The condensation was developed by Claisen and Manasse, 1 ” who showed 
that it could, like so many of the reactions of ketones that depend upon 
enolization, be effected by both acid and base catalysis. Often hydrogen 
chloride proves to be a better condensing agent than sodium ethoxide, 
and free nitrous acid (nitrous fumes generated by the reduction of 
nitric acid with arsenious oxide) can often l>c used in place of a pure 
nitrite ester. In general, however, the optimum yields are obtained by 
working in an anhydrous solvent with equivalent quantities of ketone, 
nitrite ester, and sodium ethoxide. 

The isonitroso ketones, which are, of course, the monoximes of 
1,2-diketones, or ketoaldehydes, can be made to break up in many ways. 
Thus, with a compound derived from a methyl ketone, heat alone or, 
better, boiling with dilute alkali effects a further oxidation 

R—CO—CH=NOH 

R—CO—CH=NO—Na — R—CO-ONa + HCN 


and this same course can be accomplished in stages by heating the free 
isonitroso compound with acetic anhydride. 

R—CO—CH=NOH —> R—CO-CN -* 

R—CO—COjH R—00*11 

The formation of a-ketonitriles, and of a-ketonic acids, as shown 
above, illustrates the way in which the dehydration of an aldoxime can 
be used to effect the oxidation of a simple aldehyde, R—CHO, to the 
corresponding acid, R—C02H, or the way in which oxime formation 
can be used to bring about the stepwise degradation of an aldose sugar. 

m Claisen and Manassc. Der., 20, 2194 (1887); 22, 526. 530 (1SS9). 
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Isonitroso ketones of the type R—CO—C(NOII)—R' can be hydro¬ 
lyzed to 1,2-diketones by boiling with dilute acids, but this procedure 
often brings about the elimination of hydrogen cyanide from compounds 
of the type R—CO—CH=NOH. Claisen and Manasse, however, 
showed that in all cases the isolation of a 1,2-diketone or keto aldehyde 
could be effected quite easily either (i) by dissolving the oximino com¬ 
pound in a bisulfite solution and then hydrolyzing the bisulfite compound 
so formed with warm dilute sulfuric acid 


NallSOi 

R—CO—CH=N—OH -> 

R—CO—CH=N—SO,Na R-C0-CH=0 + (NH.)HSO, 


or, even more simply, (ii) by treating the free isonitroso compound in 
glacial acetic acid solution with just over one equivalent of sodium 
nitrite, when nitrous oxide is evolved as the result of the reaction 

R—CO—CH=NOH + 0=N—OH -> R— CO—CH=0 + N 2 0 +H 2 0 

Since nitrous acid can be used to remove oxime groups in this latter way 
it is possible to oxidize methylene ketones, R—CH 2 —CO—R', to 1,2- 
diketones directly by using just over two equivalents of amyl nitrite 
together with free hydrogen chloride as the condensing agent. 

Although this reaction of nitrous acid with reactive methylene groups 
has become one of the “classical” reactions of organic chemistry, it is 
quite wrong to look upon nitrous acid and its esters as specific oxidizers 
for CH 2 groups, since, as would be expected from any other example of 
the general Claisen condensation (e g., the Knoevenagel reaction), in a 
ketone of type I the more reactive center is the C—H group a, which is 



subjected to the joint inductive influence of the two directly attached 

all Krom°I In the* presence of a base catalyst there would naturally be 
formed the mesomeric ion II, 


\c—CO—CH-—R" 
R'/ 


mesomeric with 


] *No=C—CHt—R" 
It'/ | 


o- 



1223 


OXIDATION PROCESSES 


and this would condense with a nitrite to give a tertiary, and not a 
secondary, nitroso compound, as shown. 194 

R 

\j-COCH,R" 

R' | 

0=N—OEt 
kJ 

Thereupon the base catalyst, (OEt)- may condense with the original 
carbonyl group of the ketone and bring about the fission of the nitroso 
compound to give free ester and oximino groups. 



II,R" 


\ 

C-CO-CH,R" 
RyN + (OEt)- 


R 

«OKt»‘ 

R'—C—C—CH,R 


0=N 


i A 


R OEt 

U'-C-pC-ClbR" 

o=I fe 

1 

R ♦ 


\ 




C=N—0—H 



This possibility was clearly explained by Lapworth in 1908, 197 when 
he first interpreted the mechanism of the acetoacctic ester condensation 
in terms of ionic reactions. He then instunccd this reaction of nitrites 
as a useful method for the fission of cyclic ketones. Mcnthonc, for 
example, reacted as follows. 


CH: 


CH, 


CH 

/ \ 

CH, CH, 

^H, C=-0 

\ / 

CH 


CH 

/ \ 

mono, CH, CH, 
lN * 0E,,f CH, CO—OEt 

C=*NOH 


CH(CHj)- 


CH(CH,) S 


Later, Woodward and Docring 196 made good use of this somewhat 
overlooked reaction in the course of their synthesis of quinine. One 
vital step in this synthesis involves the conversion of III to IV, since 

*** Compare Woodward and Docring. J. Am. Chcm. Soc.. 67, 866 (1945). 

1,7 Sec Clarke, Lapworth. and Wechsler. /. Chcm. Soc.. 93, 30 (1908). 
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from the resulting oxime it was possible to form the vinyl group which is 
an essential part of the quinine molecule. 


CH, 

I 

ch, ch 

/ \ / \ 

CH,—CO—N CH CO 

I I I 

ch* ch ch* 

\ / \ / 

CH, CH, 

II! 


EtONO 

-> 

(NaOEO 


CH, 

I 

CH, C 

/ \ / \ 

CH,—CO—N CH NOH 

I I 

CH* CH COOEt 

\ / \ I 

CH, H,C—CH, 

iv 


The ionic interpretation of the nitrous acid condensation which has 
been given above makes it evident that the essential reaction is a 
combination of an anionoid carbon center (C“) with the nitrogen atom of 
a N=0 double bond. Free nitrous acid and its esters, therefore, are 
able to undergo this Claisen condensation because they contain the 
N=0 group, which is not present in either nitrite or nitrate anions. 
Other nitroso compounds can, however, react in just the same way, and 
sometimes they prove to be even more suitable for practical use as 
oxidizing agents. Nitrosodimethylaniline, for example, is a very 
accessible, pure, nitroso compound which can be used for the oxidation 
of active methylene groups. It was first used in this way by Sachs and 
Ehrlich m in alcohol solution in the presence of a little caustic soda, 
though it has since been shown that dry sodium carbonate or bases such 
as pyridine are preferable condensing agents, e g., 

p h —CH, + 0=N—C«H«—NMc, - Ph—C=N—Call«—NMe, 



0=N—C,H«—NMc, 


O-H =N—C«11 4 —N Me, 
N 

v 


The Schiff’s bases such as V which are the products of this condensation 
m Sachs and Ehrlich. Ber.. 32, 2344 (1899). 
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reaction can easily be hydrolyzed by boiling with hydrochloric acid 
when p-aminodimethylaniline is eliminated. 


Cu 


N—C«H*—NMe- 


-!!£!> 0 + H.N—C.H 4 —NMc, 

N 


This oxidation has been most successful for the preparation of the use¬ 
ful reagent 2,4-dinitrobcnzaldehydc from dinitrotoluene and for the oxi¬ 
dations of heterocyclic bases such as a-picoline, quinaldine, or lepidine. 1 ** 
The whole reaction illustrates most clearly the essential structural 
feature of the whole oxidation, viz., that energy is lil»erated in converting 
—N=0 to —NH 2 at the expense of converting X '^2 to /C*»0. It 
is perhaps the clearest example which can l>e quoted of an oxidation 
which proceeds by an ionic mechanism. 


SELENIUM DIOXIDE « 

The introduction of selenium dioxide as an oxidizing agent for organic 
compounds is essentially due to H. L. Riley, who, between 1032 and 
1935, studied its action upon a wide range of substances and disclosed 
quite a number of unexpected reactions of preparative value. Of these, 
the most important undoubtedly are its actions, at temperatures be¬ 
tween 50° and 150°, upon aldehydes and ketones™ which are attacked 
as follows. 

CH,—CO—CH, + SeO, — CH,—CO—CHO + Sc + H 3 0 (G0% yield) 
CH,—CHO + Sc0 3 — CHO—CHO + Se + H,0 (90% yield) 
CH,—CHj—CO—CH 3 -* CH,—CH,—CO—CHO + CH,-C0-C0-CII, 

Mnin yield Minor produrl 



'** Bennett and Pratt, J. Chem. Soc., 1466 (1929). 

100 For general reviews, see H. L. Riley. So'. J. R*»j. Coll. So’., 6, 7 (1935): Wnitkins 
and Clark, Chem. Revs.. 36, 235 (1945). 

Riley. Morloy. and Friend. J. Chem. See.. 1875 (1932). 
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These oxidations can be carried out very easily indeed. For example, 
acetone and other liquid ketones can be oxidized merely by refluxing 
with selenium dioxide for 3-T hours, decanting from the deposit of 
selenium, and then fractionaling, 5 * 2 while solids can be refluxed in 
solution in ethyl alcohol, acetic acid, acetic anhydride, or dioxane, all of 
which solvents are attacked very slowly if at all. Often this route for the 
preparation of 1,2-diketones is definitely preferable to.the older method 
of condensation with nitrous acid and subsequent hydrolysis of the 
isonitroso derivative (p. 1220), and, since 1,2-diketones can easily be 
oxidized, with warm hydrogen peroxide, to a mixture of carboxylic 
acids, 

R—CO—CO—R' + H 2 0: -* R—-CO—OH + HO—CO—R' 


the selenium dioxide oxidation of a ketone is often a valuable stage in the 
stepwise degradation of a complex natural product. The 1,2-diketones 
again are often of synthetic value, e.g., for the preparation of quinoxaline 
and phenazine derivatives. 




It is remarkable that selenium dioxide so easily attacks the group 
_CJI 2 _CO—, which resists the action of many powerful oxidizing 
agents, such as chromic acid and potassium permanganate, and yet docs 
not attack the much more vulnerable CHO group of aldehydes. More 
surprising still is the fact that glyoxal is the end product of the oxidations 
of such diverse compounds as acetaldehyde, ethyl alcohol, ethylene, and 

^Thektnetics of ketone oxidation of selenium dioxide has been stud¬ 
ied by Melnikov and Rokitskaya,™ who have shown that the reac¬ 
tion is bimolecular and have suggested that it is essentially the enolic 
form of the ketone which is first attacked, possibly by formation ol 

.'ssu ...«..»<~» 

1808 ( 1939 ). 
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an unstable selenite ester. However, the evidence for the formation of 
intermediate complexes in this reaction is not at all clear.* 0 ' 

The reactive methylene group can l>e oxidized in a similar way in 
many compounds other than aldehyde* and ketones. For instance, 
ethyl malonatc can be converted, in about 30 ( o yield, into ethyl mesoxa- 

lale H 3 C(COOEt)j — 0=C(C00Et)- 


and a-picoline yields pieolinie aeid in 50 r < yield 


-os 



Ha 


N 



Again, the -CH,-CH=CII- group can be converted to either 
_CH_CH=CH_or —CO—CH—CH— in substances such as cyelo- 

in 

hexene, 206 menthene, and o-pmene. 2 * 7 

CH, 





CH(CHj), 

A^Mcnthcn* 


CH(CH|)t 

Ji-Menlhvnone-4 




r 

HC^ 

|Mc-C 

A. 

V*rb*non* (SS^ yield) 

Similarly, diphenylmethane can be oxidized to benzophenone, and 
dibenzyl to benzil at about 200°, 

C«H»—CH,—CH,—C«H, -* CeHs—CO—CO—C«H$ 

These reactions resemble those of lead tetraacetate sufficiently closely 
to indicate that one of the chief actions of selenium dioxide is the de¬ 
hydrogenation of a reactive C-H group, and indeed selenium dioxide 
Astin. Moulds, and Riley. J. Chtm. Soc .. 901 (1935); Duke. /. Am. Chcm. Soc., 70, 
419 (1948). 

m Henze, Ber., 67, 750 (1934). 

«‘Guillemonat. Ann. chtm.. 11, 143 (1939); Com*, rend.. 200 1416 (1935). 
w Schwenk and Borgwardt. Btr., 66. 1601 (1932); Bor«wardt and Schwcnk. J. Am. 
Chtm. Soc.. 66. 1185 (1934). 
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can sometimes be used as a dehydrogenating agent, though usually this 
requires prolonged action at a fairly high temperature. For instance, 
ethyl fumarate is formed when ethyl succinate is heated with selenium 
dioxide to 170° 


EtOOC—CH ? 

I 

EtOOC—CH* 



H—C—COOEt 

II 

EtOOC—C—H 


while in a sealed tube at 200° acetic acid yields a small amount of 
succinic acid. 309 

The high-temperature oxidation of alcohols again is essentially a 
dehydrogenation. For instance, ethyl alcohol vapor at 200° is oxidized 
to glyoxal, while benzyl alcohol is slowly converted to benzaldehyde at 
its boiling point. 30 ' At somewhat lower temperatures, however, selenium 
dioxide behaves as a normal acid anhydride and forms selenite esters. 

2CjHj—OH + SeOt — (C,H 7 0) 2 Se=0 


Melnikov and Rokitskaya have shown that at about 300° these de¬ 
compose to the corresponding aldehyde, together with elementary 
selenium and water, 310 but at moderate temperature these reactions 
are so slow that alcohols can conveniently be used as solvents for the 
oxidation of ketones. 

Whereas Melnikov and Rokitskaya consider that intermediate 
compound formation of the above type, as for example esterification 
of the enolic forms of ketones, is a primary stage in most oxidations 
involving selenium dioxide, Riley has suggested that the real explanation 
of the remarkable reactivity of selenium dioxide is due to some essential 
property of the selenium atom itself, and he considers that selenium 
dioxide possesses the property of providing the oxidizable compound 
with oxygen atoms in a very low energy state. 311 In this connection, it is 
noteworthy that many simple organic and inorganic compounds can be 
combusted in selenium dioxide vapor giving flames which are character¬ 
istic of either selenium or its oxide, but not of the organic substance 
undergoing oxidation. 213 

The facts that selenium dioxide is an inhibitor of autoxidation 3,3 
and that, unlike free radicals, it does not easily attack the aldehydic 


108 Astin, Newman, and Riley. J. Chcm. Soc., 393 (1933). 

»»Thompson and Chenicek, J. Am. Chcm. Soc., 69, 2563 (1947). 

... Melnikov and Rokilakaya. J. them. U.S.S.R.. 1. 1532 (1937) I C. A.. 31, S.,02 
(1937)1. 

i" Astin, Moulds, and Riley. J. Chcm. Soc.. 901 (1935). 

iu Compare Emelcus and Riley. Proc. Roy. Soc. (London), A140. 378 (1933). 

Waters. Trans. Faraday Soc.. 42, 187 (194G). 
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(CHO) group rather discount the possibility of its acting by the ample 
homolytic dehydrogenation mechanism 


iv 


hi 


It—H + 0=Se=0 —* R- + H 0 Se=Q 

and favors the view that a series of intermediate organoselenh.m com¬ 
pounds may be formed, although it seems improbable that these arc 
normally stable selcnitcs, (RO) 2 SeO, or selenox.dcs, R-SeO-If . 

Duke w has shown that the oxidation of acetone by sclenious acid is an 
acid-catalyzed but not a base-catalyzed reaction. In aqueous solution 
it proceeds at a rate expressible by the kinetic equation 

-</(HjScOj)/<W « AlAcetoneHHjSeOallH +J 

though by working in diluted butyl alcohol he showed that water tended 
to retard the reaction. Since esters of selenious and are easily hy¬ 
drolyzed by water, he suggested that the initial stage of the reaction did 
not involve the formation of an enol ester, such as II, but, more probably, 
a coordination complex, such as I, which stereochem.cally facilitated a 
subsequent reaction at the a-methylene group. 


CH,—C—CH, + HjSeO, + H + —► CH,—C—CH, 


O 


CHj—C^CHj 

IKK 

ll 


0 O 

\ / 
i* 

/ 

HO 

i 


+ H*0 


However, the subsequent stages of the reaction evidently follow too 
rapidly for the accumulation of any appreciable quantity of the inter¬ 
mediate; these unknown reactions are the true oxidations. 

It must be remembered, moreover, that none of the oxidations 
effected by selenium dioxide are quantitative processes. The isolable 
yields of simple reaction products range from 20% to 80%, aud, in 
brief, the reagent is valuable only when it proves to be easy to separate 
the organic reaction products from the residues of selenium and its 
oxide which sometimes appear in colloidal form. 

«“ Duke. J. Am. CKem. Soc.. 70, 419 (1948). 
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THE PREVOST REACTION 

Oxidation of olefins with bromine or iodine in the presence of silver salts of 

organic acids 

In the introductory review of oxidation (p. 1128) reference was made 
to the fact that the direct addition of a halogen to an olefin was virtually 
an oxidation process. 

In effecting the oxidation of complex olefins but little practical use is 
made of direct halogen addition, e.g., 

RCH=CHR' + Br, -* R-CH-CH—R' R—CH—CH—R' etc. 

II II 

Br Br OH OH 

because the subsequent hydrolysis of the resulting dihalogen compound 
is often a reaction of considerable practical difficulty. For instance, it 
may often lead to eliminations such as 

(a) R—CH—CH—R' — R—C=C—R' 

II II 

Br Br Br H 


(b) 


R—CH—CH—CH*R' — R—CH—CH=CH—R' 

I I I 

Br Br Br 


and may give, as from (a), vinyl halides which arc extremely resistant to 
complete hydrolysis. 

For this reason oxidation by the per acids (the Prileshajew reaction, 
p. 1162) has generally been preferred for the “opening-up” of an olefin 
link; the epoxide which it yields can be smoothly and quantitatively hy¬ 
drolyzed to a 1,2-glycol. 

However, another very useful addition reaction of olefins was intro¬ 
duced as a general oxidation method by C. Prdvost in 1933. 2,5 

He made use of an old discover}' of Simonini 2,6 to the effect that 
silver salts of organic acids reacted with iodine to give complexes of the 
general formula (RC0 2 ) 2 AgI, which were slightly soluble in benzene, 
and showed that these products readily reacted with olefins as follows 


(RC0 2 ) 2 AgI + RCH=CHR / 


RCH—CHR' + Agl 

I I 

RCO—0 0—COR 


giving the di-esters of trans- glycols. 

tu Pr6vost. Compl . rrnd.. 196. 1129 (1933); 197. 1661 (1933). 
*'• Simonini. Monalth.. 13, 320 (1892). 
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The reaction can be carried out quite simply by mixing a benzene 
solution of an olefin with two molecular equivalents of silver benzoate 
and then adding slowly two equivalents of iodine or of bromine. Often 
the addition occurs completely in the cold, but boiling mixtures can be 
used if the reaction is sluggish, llershbcrg, however,"- has shown that 
a very clean product can be obtained by first preparing the Simon.ni 
complex and then extracting it from a Soxhlct thimble into a boiling 
benzene solution of the olefin. Silver acetate can be used m the same 
way as silver benzoate, but in general the glycol esters of the aliphatic 
acids do not separate as cleanly or in as good yields as the benzoates. 

The initial reaction which occurs between bromine or iodine and 
the silver salts of organic acids has been studied in some detail.- 
H. Wieland and F. G. Fischer"* considered.that the initial reaction 
gave products with similar oxidizing properties to the dincyl peroxides 

2RCO—O—Ag + Ij —• RCO—O—O—COR + 2AgI 


and confirmed that, on thermal decomiiosition, they gave both esters and 
organic halides. The silver benzoate-iodine complex, for instance, 
yields, on heating, benzoic acid, phenyl benzoate, lodobcnzcnc, and a 
trace of p-diiodobcnzcnc. Birckenbach, Goubenu, and Bcrninger, 
however," 0 represented the complexes (RC0 2 ) 2 AgI ns mixtures of silver 
salts, RC0 2 Ag, and pscudolialogens, RCOj—I, showing that similar 
products capable of adding on to olefins could be obtained from a number 
of inorganic acids. For example, 


I* + AgClOi — ICIO* 
I 5 + AgNOj — INO, 


I* + AgSCN -* ISCN 

With all these pseudohalogens, the addition to olefins accords with 
Markownikow’s rule if it is assumed that the iodine is the electroposi- 
tively polarized component of the pseudohalogcn, i.e., 

*- «♦ 

RCO—O—I 


Provost’s own work supports the view that the addition reaction 
occurs in stages, for from stilbene and the silver benzoate-bromine 

Ilershberg, Hdv. Chim. Ada, 17, 351 (1934). 
m For a review, see Kleinbcrg. Chem. Rrrt.. 40. 381 (194«). 
m Wieland and Fischer, Ann., 446. 49 (192G). 
m Birckenbach. Goubeau. and Bcrninger. Bet.. 65, 1339 (1932). 
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complex lie first isolated the bromohenzoate, I, 


(PhC0 2 ) 2 AgBr + PI«CH=CHPh — 


PhCH—CHPh V 

I I 

PhCO—0 0—COPh 

it 


Ph—CH—CH—Ph + AgOCOPh 
PhCO—O Br 

i 


and this two-stage mechanism has been substantiated by Bockemiiller 
and Hoffmann, 221 who, by working in carbon tetrachloride solution, 
showed that a wide range of metallic salts of organic acids reacted with 
the halogens to give “hypohalites,” R—CO— O— Hal, capable of adding 
on to olefins. These hypohalites themselves decompose on warming 
with loss of carbon dioxide, and consequently the reactions studied by 
Wieland and Fischer can, in the main, be represented by the scheme 

R—CO—O—Hal — R—Hal + C0 2 
R—Hal + AgOCOR -* R—0—CO—R 
R—CO—0—Hal + H 2 0 — R—CO—0—H + HO—Hal 


As the last of these equations shows, the complexes (RCC^Agl, and the 
organic hypohalites, R—CO—0—Hal, are immediately decomposed by 
water, alcohol, or similar solvents. 

The Provost reaction, therefore, depends essentially on the use of a 
non-ionizing medium, such as dry benzene or carbon tetrachloride, for 
carrying out the addition reaction, which is nevertheless hetcrolytic 
and not homolytic in type. Its value depends upon (a) the ease with 
which pure crystalline glycol dibenzoates can be separated and (6) their 
amenability to controlled hydrolysis to free 1,2-glycols. 


DEHYDROGENATING AGENTS m 

The synonymity of the terms oxidation and dehydrogenation has 
already been exemplified in previous sections which have dealt with 
oxidations of alcohols, glycols, aldehydes, etc. The present section, 
however, deals briefly with a further important scries of reactions, 
namely, the conversion of cycloparaffin derivatives to aromatic products. 
This has been of great synthetic use, though more especially it has been 
of outstanding value in leading to the elucidation of the structures of 

«» Bockemiiller and Hoffmann. Ann.. 519. 165 (1935). 

m For a general discussion, see Linstead. Ann. RejAa. on Progrta* Chem. (Chrm. Soc. 
London), 33, 294-312 (1936). and the article by Plattner in "Newer Methods of Prepara¬ 
tive Organic Chemistry." Interscicnce Publishing Co.. New York (1946). 
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many important natural products, notably with substances of the 
steroid group. For the most part these dehydrogenations are effected 
by solid reagents, or catalysts, and the view that they are all processes 
of homolytic type 223 can therefore be surmised only by their close 
analogies with the reactions of reagents such as dibenzoyl peroxide. 

Of these dehydrogenations, the catalytic elimination of hydrogen at the 
surfaces of metals such as nickel, platinum, and palladium is frequently 
the simplest, and neatest, to conduct in the laboratory, and certainly it 
is the easiest to comprehend; it shows that the catalytic hydrogenation 
of olefins, first developed by Sabatier, is essentially a reversible proc ess. 

The dehydrogenation of the alkaloid coniine, I, to the pyridine base 
conyrine, II, upon heating with zinc dust, and the corresponding con¬ 
version of nicotine to nicotyrine, arc early examples of this type ol 
dehydrogenation which illustrate its value in alkaloid chemistry. 


CH, 

/ \ 

ch 2 ch, 

CH, CH—Clls—CH,—CH, 

\ / 

N 

H I. Coniine 


Zu du»t 
l)u«.I 


CH 

/ \ 

C1I CH 


» I 


CH 


K 


/ 


•H-—CH*—CHj 


II. Conyrine 


The nineteenth-century procedure of zinc dust distillation, however, is 
a poor method of dehydrogenation, and today recourse is genera y 
made to active metallic catalysts such as nickel or more especially 
palladium or platinum supported on charcoal or asbestos. 1 hesc mctnls 
are, of course, among the most effective catalysts for effecting hydro¬ 
genations at comparatively low temperatures. . 

The pioneer work on catalytic dehydrogenation has been that ol 
Zelinski, who, between 1010 and 1024, showed that, while compounds of 
the cyclohexane type were easily dehydrogenated to aromatic products, 
side-chain substituents were, in general, but little disturbed. Moreover, 
under the same general conditions, other cycloparaffins, such as cyclo- 
pentane, which could not yield aromatic products by the simple loss of 
hydrogen, were not affected. If the heating of the cycloparaffin (or 
“naphthene,” to use the terminology of the petroleum industry) with 
the metallic catalyst is carried out in a stream of an inert gas such as 
nitrogen or carbon dioxide, then free hydrogen is readily evolved, but 
in the absence of a carrier gas the reversible catalytic reaction may lead 
to a disproportionation; thus an unsaturated cyclic hydrocarbon may 
give a mixture of a cycloparaffin and the corresponding aromatic hydro- 


“ Soo ref. 15. Chapters X and XI. 
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carbon, for instance,"* 

CH, 

1 

CH, 

1 

CH 

CH, 

1 

C 

1 

C 

/ \ 

/ \ 

/ \ 

CH, CH 

P. CH, CH, 

CH CH 

1 1 

> | 

+ II 1 

CH, CH, 

CH, CII, 

CH CII 

\ / 

\ / 

\ / 

CH 

1 

C 

CH 

1 

CH 

C 

1 

CH 

/ \ 

/ \ 

/ \ 

CH, CH, 

CH, CH, 

CH, CH, 

Limonene 

Mtnthanc 

j*-Cyniene 


Linstead and his colleagues KS have shown (hat an excellent procedure 
for dehydrogenating non-volatile substances is to boil them at 180-240° 
in a carbon dioxide stream using a platinum or palladium catalyst and a 
stable solvent such as p-cymene or naphthalene so that the hydrogen is 
smoothly eliminated with the refluxing vapors. Though stable cyclo¬ 
paraffin rings, such as that of cyclopentane, often resist decomposition, 
less-stable ring systems, both large and small, may suffer “ring crum¬ 
pling” to give closely related products of aromatic type. Thus carane 
(III) and pinanc (IV) both yield some p-cymcnc (V). A small hydro¬ 
carbon group, such as methyl, is often eliminated, presumably as 
methane, from a tertiary carbon atom, though in part it may migrate 


to an adjacent position in the final aromatic product. 


CH, 

I 

CH 

/ \ 

CH 2 CH* 

I I 

CH, CH 

Yl 


C(CH,), 

in 


CII, 

I 

C—H 

/ \ 

CH, .(II 

I 

CH, CII, 

\l/ 

CH 

IV 


CH, 

I 

C 

/ \ 

CII CII 


CH 

\ 


CII 


c 


C(CH,), 

v 



=» nn'tca.i etal ^ CW Soc.. IMG (1937); Lin>lr:..l and Thomas. U.id 1127 (1940); 
Linstead 'and Michaclia. W. H34 (.940,; Linstead * of. 1.39 (.940). 
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Again, by the use of very similar catalysts, certain paraffin hydro¬ 
carbons,’such as vi-heptane, can be dehydrogenated to aromatic hydro¬ 
carbons, e.g., toluene, and valuable technical processes of this nature 
have been developed. 

The physicochemical studies of Rideal and his colleagues - ha\e 
thrown considerable light upon the mechanisms of these surface re¬ 
actions By using deuterium they have shown that the reversible 
hydrogenation of olefins, e.g., C 2 II« + D 2 ^ C 2 H 4 D 2 , ami the isotope 
exchange C 2 1I 4 + D 2 ^ C 2 H 3 D + HD occur concurrently but inde¬ 
pendently, and involve ‘•chemisorbed 1 * atoms of hydrogen or deuterium, 
together with activated olefin molecules. Olefins arc adsorbed on 
metallic surfaces much more strongly than saturated hydrocarbons are, 
and thus the process of dehydrogenation of a paraffinic hydrocarbon 
seems to involve the dissociation of an adsorbed paraffin molecule on a 
surface to atomic hydrogen and a more strongly bound olefin,c or 
aromatic, molecule. The chemisorlrcd hydrogen, which is but weakly 
bound to the catalyst, is fairly easily eliminated, and swept away by the 
inert carrier gas, leaving the more stable dehydrogenated product. 
Migrations of alkyl groups, such as that instanced above, can be ex¬ 
plained in a similar manner by postulating homolyt.c dissociation of the 
primary compound and the formation of chemisorbed alkyl radicals. 
The selective nature of alternative catalysts appears to depend upon the 
exact forms and dimensions of their crystal lattices. 

Chemical dehydrogenation by means of the elements sulfur and selenium 
has been used for a much longer period. Dehydrogenation of hydro¬ 
carbons by heating with sulfur was introduced by Vcsterberg in 1003; * 
the use of selenium is due to Diels.”* As a reagent, sulfur has the disad¬ 
vantages that when hot it yields a plastic mass and may contaminate 
the product with colloidal sulfur or occasionally with sulfur compounds. 
Though selenium has not these drawbacks, its use involves the pro¬ 
duction of the intensely poisonous, nauseating gas. hydrogen selemde, 
which must at once be removed, either by burning it in a flame of coal 
gas or by passing it into a paste or suspension of bleaching powder. 

The applications of both these reagents is due to. the genius of Ru- 
zicka,»• who showed how they could be used to settle the essential fea¬ 
tures of the structures of hydrocarbons of the sesquiterpene group. For 
instance, farnesene (VI) and zingiberene (VII) both yield the dimethyl 
isopropylnaphthalene (VIII), termed cadalene, by dehydrogenation by 

**• Farkas et al.. Proc. Roy. Soc. {London). A146, 030 (1934); Twigg and Rideal. t hid., 
A1T1, 55 (1939); Conn and Twigg. ibid.. A171. 70 (1939); Twig*, ibid.. A178. 10G (1941). 

m Vcsterberg. Der.. 36. 4201 (1903). 

“• Diels et al.. Ann.. 459. 1 (1927). 

« Ruticka et al.. Helv. Chim. Acta. 5. 345 (1922); Kusicka and Stoll, ibid., 5. 923 (1922). 
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\ esterberg’s method, and thus must have structures of the types shown, 
while in contrast the a- and 0-selinenes (e.g., IX) yield eudalene (X) by 
the elimination of a methyl group as methyl mercaptan. This fixes the 
one methyl group of selinene as occupying a “bridge position” in the 
cycloparaffin ring structure. 


CII 3 

I 

c ch 2 

/ \ / \ 

H,C CH CM 

I II 

H 2 C-CH CH, C 

II \ / \ 

C HC CH, 

/ \ 

CH* CH, \ 

VI. Knrnrwii* 


CH, 



/ \ 

CH, CH, 


CH, 


VIII. Cadalrnr 


CH, 

I 

C CH, 

/ N / \ 

HjC C CH, 

I I I 

ll,C CH, C 

\ \ ✓ \ 

CH CH CH, 

II 

C 

/ \ 

CH, C1I, 

VII. Zinitilwrine 


CH, 

\ 


C 


✓ 

CH, 


CH, 

CH* | CH, 

/ \l/ \ 

CH, C CH, 

I I I 

-CH CH CH 

\ / \ ✓ 

CH, C 

I 

CH, 

IX. o-Sclinene 



X. Eudalene 


Similar methods of dehydrogenation were used to complete the 
syntheses of both cadalcne and eudalene from benzene derivatives, and 
these have since been applied with great success by It. D. Ilaworth and 
others for the synthesis of the crucial reference compounds of the 
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phenanthrcne series from which the structures of the natural steroids 
have been determined. 

The outstanding example of selenium dehydrogenation is, of course, 
that of cholesterol, from which Diels, in 1927, obtained both the methyl- 
cyclopentanophenanthrene (XI) (Diels’ hydrocarbon) and chrysene 
(XII). The production of Diels’ hydrocarbon (XI) illustrates excellently 
the high stability of the cyclopentane ring, while the production of 
chrysene indicates the normal course of ring crumpling so as to attain a 
completely aromatic structure. 


CH, 



With regard to the mechanisms of these reactions, attention may be 
directed to the later work of Hitter and Sharpe, 230 who have shown that 
organic disulfides, R—S—S—R, can also be used as dehydrogenating 
agents. They have suggested that the hydrogen abstraction is due to the 
thermal dissociation of the S—S links to give active R—S- radicals. 

Stable quinones, such as phenanthraquinone and chloraml, can be 
used in a very similar way.*' In fact, one of the most effective methods 
of dehydrogenating hydroaromatic hydrocarbons such as tetrahn, or 
heterocyclic bases such as tetrahydrocarbazole, is to boil them in an 
inert solvent such as xylene with the theoretical amount of chloraml. 
In view of the ease with which quinones can pick up electrons singly 
(p. 1219) it is probable that the dehydrogenation is homolytic in type and 
involves semiquinone radicals, though Criegee 231 has shown that quinol 
ethers may also In? intermediate products. 

**• Ritter and Sharpe. J. Am. Chem. Soc.. 59. 2351 (1937). 

*“ Clor and John. Ber., 63. 2967 (1930). 

“ Criegee. Ber., 69. 2758 (1936). 
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The halogens, particularly bromine, have often been used for con¬ 
verting hvdroaromatic substances to aromatic compounds of known 
structure, for the reaction sequence 

—CII 2 —CHj— — —CH—CH 2 -* —CH=CH— 

I 

Br 

can easily be carried out by eliminating hydrogen bromide from the 
bromine substitution compound either by heat or by means of a basic 
reagent such as pyridine, quinoline, or alcoholic potash. Sometimes, 
however, this last reaction may lead to a molecular rearrangement 
(the Wagner-Meerwein rearrangement) which may he difficult to in¬ 
terpret. 

The selective broininating agent N-bromosuccinimide has been used 
as a dehydrogenating agent in this way. It often effects aromatization 
directly but may lead to the formation of aromatic bromo compounds. 

All these dehydrogenating agents should therefore be used with 
caution, particularly when the starting product contains either large or 
small homocyclic rings. • 


THE OPPENAUER (REVERSED MEERWEIN-PONDORFF) REACTION 
Though the transformations 

Rv A\ Oxidation R\^ 

R'/ X)H Reduction R # ' 


=0 (K = II, alkyl, or aryl) 


can be effected by many different reagents, under decidedly drastic 
conditions, the oxidation-reduction system 

becomes thermodynamically reversible only under two special, and quite 
distinct, circumstances: (a) under anhydrous conditions, in the presence 
of the alkoxy derivative of a polyvalent metal such as aluminum; and 
(6, in approximately neutral aqueous solution m the presence of a 
nil it able (enzyme + coenzyme) complex. 

Adequate consideration of (6) is outside the scope of thl ^ 
since it includes the majority of the processes concerned in the n etalml c 
oxidation of carbohydrates and related compounds. .the pure 
organic chemist it is of value, however, to note that by adopting Thun- 

ot using . “<««« 
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enzyme system to reduce an indicator dyestuff, such as methylene blue, 
of known oxidation-reduction potential, it is easily possible to determine 
the relative oxidizing or reducing powers of many non-toxic, water- 
soluble alcohols, aldehydes, a-hydioxy acids, etc. Moreover, by in¬ 
serting into such a system (which mv$l contain a reversible oxidation- 
reduction indicator as well as the enzyme) both an inert electrode (such 
as a platinum wire) and a reference electrode (e g., a glass electrode , it is 
possible to determine its standard oxidation-reduction potential. 
Some of these are listed herewith. 


Oxidation-Reduction Potentials 
Succinate s=* Fumarate 


Malate 
Lactate 
Ethyl alcohol 
Isopropyl alcohol 


zz Oxaloacotate 
Pyruvate 
Acetaldehyde 
Acetone 


0-Hydroxybutyric acid Acetoacetic acid 


Eo' at pH 7.0 in the Presence 
of Suitable Enzymes 
0.000 
-0.169 
-0.180 
-0.190 
-0.250 
-0.282 


The most significant fact that emerges from the list is the extraordi¬ 
narily high value for the reduction potential of a simple aliphatic 
alcohol. Were ethyl alcohol able to reduce other substances in the 
absence of a catalyst, then it would not be possible to crystallize a mtro 
compound or an azo dye from alcoholic solution. We are accustomed 
to look upon alcohols as stable substances, and on aldehydes as strong 
reducing agents, yet, thermodynamically, an alcohol can be a much 
more powerful reducing agent than an aldehyde: under biological 
conditions it can easily be made to hydrogenate an olefin such as fumanc 
acid. Tentative suggestions of the mechanism of enzyme action in 
these oxidation-reduction systems » as yet do little more than emphasize 
the fact that they are all hydrogenations and dehydrogenations which 
perhaps may be homolytic in type. Apart from a few equally obscure 
surface-catalyzed processes, we cannot as yet point to any analogous 
chemical reactions which involve only substances of known structure, 
and, until such ,'n vitro systems can be found, it may well be that all our 
theoretical speculations overlook certain essential factors. 

The nature of the anhydrous reaction (a) is much more evident, 
though its detailed mechanism is still not certain. 

The discovery that certain metallic alkoxides could, under strictly 
anhydrous conditions, bring about the reduction of aldehydes was 
disclosed, in 1925, by Meerwein and Schmidtand independently by 

“For a review of the subject, see Barron. Physiol. Rets.. 19. 184 (1939). 

“See ref. 16. Chapter XII. 

® Meerwein and Schmidt. Ann., 444, 221 (1925). 
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Yerley. 236 In the following year Pondorff 237 generalized the reaction 
and pointed out that for effecting reductions of aldehydes and ketones 
it was best to use aluminum isopropoxide, Al(OC 3 H 7 ) 3 , and not alumi¬ 
num ethoxide, as the reducing agent, in order to avoid contamination 
of the product with aldol resins. Quite soon this method of reduction 
gained favor in view of its specificity; it can be used, for instance, to 
reduce a nitro ketone to a nitro alcohol, or an unsaturated aldehyde to an 
unsaturated alcohol, e.g., 



I»h—CH=CH—CH=0 


0 2 N« 


CH(OH )CII 3 


Ph—CH=CH—CHoOII 


whereas all other reducing agents attack the sensitive N0 2 or C=C 
groups much more rapidly than they do the C=0 group. 238 

The essential reversibility of this reaction, though implicitly realized 
by both Meerwein and Yerley, was not put to use, however, until 1937, 
when Oppenauer, 239 in effect, used acetone >o oxidize cholesterol to 
cholestenone, by taking also aluminum fe/7-butoxide, A1(0—C(C '1 13 ) 3 ) 3 * 
to convert the oxidizable alcohol into the requisite alkoxide. This 
oxidation succeeds because dry acetone may be used in large excess, and 
by distilling the equilibrium mixture slowly it is then possible to carry 
away, with much acetone, the isopropyl alcohol as it forms and so carry 
the forward reaction to completion. 



It is of importance to notice that, both with the Oppenauer oxidation 
and with the inverse reduction, it is essential to exclude all traces of 
water, and that it is customary to use the aluminum alkoxide in at least 
equivalent quantities. The aluminum derivative, therefore, does not act 
merely as a trace catalyst to bring the alcohol and carbonyl compound 
into reversible equilibrium; it must play some essential part in the 
reaction process. One simple postulate is that the reaction can occur 
only with alkoxide anions, and not with alcohol molecules themselves, 
and for this reason water must be absent. More detailed suggestions 


Vcrley. Dull. soc. ehim. Prance. (4) 37, 537. 871 (1925). 

M7 Pondorff. 7.. annexe. Chan.. 39, 138 (1926). "Organic 

For a review of the scope of the rcact.on. see W.lds article .n \ol. II. o Orgam. 
Reactions ” Wiley, New York (1944). and T. Benin’s article m Newer Methods of 
Preparative Organic Chemistry." Interscience Publishing Co.. New \ork (1948). 

»• Oppenauer. Rec. Irav. chim.. 56, 137 (193*)- 
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have, however, been proposed by both Verley and Mccrwcin. Both 
workers at first suggested that the reaction proceeded via a hemiaeetal 
(I). To give Verley’s formulation, this would l>c formed as follows 

H 

I 

RCH=0 + AI(OC,H,) a — R—CH—0—C(CH,)a 

O—AI(OC*H 7 )i 

and, with this complex, he postulated that the (C 3 H 70 ) 2 AI <) and II 
groups could then interchange, so as to give II 

R—CH—O—C(CH*)* 

H 0—AI(OC a H,h 

n 

which would then he able to split to It—CH 2 —Oil and (CTl3) 2 C==0 by 
subscciuent hydrolysis, or alcoholysis. Mccrwcin later - ,0 amended this 
picture, after discovering that similar reductions of aldehydes and 
ketones are effected with triethylaluminum, AI(C 2 Ha)s, or triethylboron, 
B(C 2 H 5 ) 3 , and that, in general, aluminum could be replaced by a few 
other metals, all of which easily yielded chelate compounds. He then 
suggested that the initial stage of the reaction involved the coordina¬ 
tion of the aluminum atom with the carbonyl group of the reducible 
material, and that this was then followed by a migration of hydrogen 
within the coordination complex, thus 

R_CH=0 + AKOCaH;), -► R—CH=0—AI(OC’aH;)a 

• • • • 


R H 

R 

+ 1/ 

1 /'• 

PrO 0=C 

PrO 0 C< 

\-/ 

\ / X 

Al H 

?=s Al 

/ \ / 

\ 

/ 

+ 

PrO 0—C 

PrO 0=C 

/ \ 

/ \ 

CH, CHa 

CH, 

ill 

IV 


This is perhaps a little clearer an interpretation of the oxidation- 
reduction process, for the two chelate systems IV and III obviously 
have a mesomcric ion, and thus the migration of hydrogen with its 
electron pair might be facilitated. 

Mecrwein, J. prakl. Chan.. 147, 211 (1936); Mccrwcin el erf., ibid.. 147, 226 (1936). 
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Although the oxidation of an alcohol to an aldehyde or ketone comes 
to equilibrium only under anhydrous conditions, valuable information 
concerning the relative oxidizing powers of different carbonyl compounds 
has been obtained by the use of the polarograph. Adkins and Cox 541 
have studied the polarographic reduction waves of many aldehydes and 
ketones in aqueous ethyl or isopropyl alcohols at the dropping mercury 
electrode, and have shown that each compound has a characteristic 
depolarization potential, and that the height of its polarographic wave 
is directly proportional to its concentration in the solution, even though 
the electrode process may be irreversible. 

TABLE IV 


Polarographic Depolarization Potentials (Volts) 


Acetaldehyde 

-1.87 

Bcnzaldehyde 

-1.34 

(CJ-C7) aldehyde 

-1.90 

Anisaldehyde 

-1.46 

Crotonaldehyde 

-1.37 

Cinnamaldehydc 

-1.61 

Aliphatic ketones 

(eg.. 

Benzophcnonc 

-1.35 

acetone) 

co. -2.2 

p-Bcnzoquinonc 

-0.1 

Acetophenone 

-1.52 

Pyruvic acid 

-1.14 

Anthraquinonc 

-0.6 



Bcnzil 

-0.7 




Table IV shows that, in general, easily reducible ketones, with the 
marked exception of acetone and its homologs, have lower (negative) 
depolarization potentials than aldehydes which arc less easily reduced 
under the conditions of the Meerwein-Pondorff reaction. Though these 
polarographic depolarization potentials themselves do not give a safe 
guide to the relative oxidizing powers of different ketones, polarographic 
measurements can be used to study the equilibria that arc reached in the 
Oppenauer oxidation. By setting up weighed mixtures of either (a 
standard ketone + a series of alcohols) or (a standard alcohol + a 
series of ketones) together with aluminum <cr/-butoxidc in dry toluene, 
heating these together in sealed tubes until equilibrium is attained, and 
finally determining polarographically the concentrations of the resulting 
ketonic products, it is possible to determine the equilibrium constant for 


the reaction 


Alcoholi + Ketoncj Alcohoh + Kctonei 


Fluorenone was found to be a ketone which reacted at a reasonable 
speed, and in this way Baker and Adkins 142 have obtained the data 

*i Adkins and Cox. J. Am. Chcm. Soc.. 60. 1151 (1938); Cox and Adkins, ibid., 61. 
Baker and Adkins, ibid.. 62, 3305 (1910). 



1243 


OXIDATION PROCESSES 

given in Table V, which indicate the relative oxidizing powers of different 
ketones. From such data it has been inferred 2U that acetone, methyl 
ethyl ketone, cyclohexanone, and, under certain circumstances, benzil 
and p-benzoquinone, are suitable reagents to take m excess for effecting 
oxidations by Oppenauer’s procedure. 

TABLE V 

Kki.mivk Oxidizing Powers of Kktoxbs 
(Determinations by comparison with fluorenone) 

Per Cent Fluorenone Formed 
from Fluorenol at Kquilil>- 
Kctono l : scd rium (Equivalents Taken) 

Camphor 

Mcthylcyclohcxyl ketone 
Fluorenone 
Anthraquinone 
Methyl ethyl ketone 
Acetophenone 
Acetone 
Benznldehyde 
Phennnthraquinone 

p-Benzoquinone 

Knowledge of the eventual equilibrium constant is not alone a suffi¬ 
cient guide as to the practicability of any particular Oppcnaucr oxi¬ 
dation; several other practical factor* must be considered. Thus some 
ketones, e.g. cyclohexanone, effect reduction so slowly that no good 
yield can be obtained after a reaction period of several days, but fortu¬ 
nately both acetone and />-benzoquinone react much more quickly, and 
with acetone it is possible to accelerate matters by using a very large 
excess of the oxidizing agent. 

p-Benzoquinonc is seldom useful since it will undergo so many con¬ 
densation reactions particularly in an ulkalinc environment, while even 
from acetone or from methyl ethyl ketone trouble may arise (i) from 
the production of self-condensation by-products such as mesityl oxide 
or phorone, 244 and (ii) from its condensation with the reaction product 
according to the general equation 

R—CHjOH R—CHO - C ”—"'> R—CH=CH—COCH. 

Oppmwr 

This type of condensation is by no means infrequent when the oxi- 

,u See Adkins and Franklin, ibid.. 63, 2381 (1941). 

Compare Wayne and Adkins, ibid.. 62. 3401 (1940). 
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<lation of a primary alcohol is attempted.* 45 Geraniol, for instance, 
oxidizes and promptly condenses with acetone so as to give ^-ionone, 
while benzyl alcohol yields bonzylidene acetone. Reactions of this 
type have caused trouble in syntheses in the carotenoid field. 215 

However, it is not necessary to follow slavishly Oppenauer’s original 
technique of using a mint He ketone such as acetone, and completing the 
reaction by distilling away the isopropyl alcohol to which it is reduced. 
R. R. Davies and II. II. Hodgson 2 “ in 1943 reversed the conditions and 
successfully prepared volatile aldehydes by using a less-volatile carbonyl 
compound as the oxidizing agent. For instance, they obtained bcnzalde- 
hyde in 94% yield from benzyl alcohol by using cinnamic aldehyde as 
the oxidizer and fractionating their mixture slowly in the normal manner, 
taking only a small percentage of aluminum benzoxide, Al(OCH 2 Ph)3, 
to equilibrate their system. This technique has been successfully 
developed by Lauchenauer and Schinz, 217 who first make the aluminum 
derivative of the primary alcohol by fractionally distilling it in racuo 
with aluminum isopropoxide. The procedure obviates the risk of 
forming acetone condensation products from primary alcohols. 

Sometimes the aluminum alkoxido is not the best reagent to take for 
effecting the Oppenauer or Pondorff reactions. Woodward, Wcndlcr, 
and Brutschy 242 found that aluminum derivatives were useless with 
amino alcohols or amino ketones such as quinine and quininone and, 
under these circumstances, used the more basic alkoxides of the alkali 
metals with great success. They have pointed out that the Oppenauer 
type of oxidation requires essentially («) a hydrogen acceptor (a ketone 
or quinone) and (6) an alkali (e.g., AI(OR) 3 ). and they have suggested 

tentatively that many other alkali-promoted oxidation-reduction 
processes, as for example the Cannizzaro and Tischenko reactions, 
proceed in a similar way, e.g., 



-6 + Ar—C=0 

X ONa 

Although these reactions have been studied extensively, the detailed 
discussion of their mechanisms is still too cont.ovcrs.al a subject to be 
dealt with adequately here. 1 ** As oxidations, these last reactions a.e 

» Compare Bn.ty. Bur.way. Harper. Mb.. ««" **• 175 ‘ , « M ' 

»« Davies and Hodgson. J. Soc. Chan. InJ . **. '°® < l9 «>. 

**' Lauchenauer and Schin.. H'tr. ^ MJS (|WS( . 

”■ Woodward. Wendler. and Bru.seh, J. rm S. ^ Tlwory of Organic 
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of no practical importance; as reductions, however, they are often 
extremely useful for the preparation of aromatic alcohols from accessible 
aldehydes, although the theoretical yield is no more than 50%. 
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Abietic acid, 681 
structure, proof of, 685 
Absorption band, absolute intensity of, 
127 

Acetal phospholipid, 233 
Acetal reaction, 115 
Acctarsol, 502 
Acetone, aldolization of, 104 
Acetylene, addition to carbonyl groups 
1093 

carboxylation of, 1095 
polymerization of, 1085 
reaction with active-hydrogen com¬ 
pounds, 1087 

reaction with fatty acids, 1090 
reaction with nitrogen compounds, 
1091 

reaction with phenols, 1089 
thermal decomposition of, 1080 
vinylation with, 1088 
Acetyl peroxide, reactions of, 1136 
Acid and basic dyes, 255 
Acid-base catalysis, 88 
Acid diaminotriarylmcthanc dyes, 302 
Acid Magenta O, 308 
Acid monoazo dyes, 276 
Acids, see under indindual members and 
under Fatty acids 

aliphatic carboxylic, bactericidal ac¬ 
tion of, 416 
conjugated, 184 

pure, separated from mixtures, 184 
theories of distribution in fats, 186 
Acid triaminotriarylmethane dyes, 308 
Acridine Orange, 859 
Acridines, see also under individual 
members 

as antiseptics, 423 
effect of pH, 429 
as dyes, 323 

derivatives as antimalarials, 469 
effect of structure on antibacterial 
activity, 428 

resistance of trypanosomes to, 519 
synthesis of, 858 


Acridine Yellow G, 324 
Acridone dyes, 373 
Acriflavine, 394, 423, 434 
ACTH, 566 
Aetidione, 574 
Actinomycin, 576 
Actinomycin C, 576 
Actinorhodin, 571 
Acyclic diterpencs, 671 
Acyclic sesquiterpenes, 660 
Acyclic terpenes, 583 
oxygenated, 586 
eyclization reactions of, 592 
Acyclic tetraterpenes, 701 
Acyclic triterpencs, 688 
Acylacctanilidc dyes, 271 
Aeylaminoanthraquinonc dyes, 367 
Addition reactions of carbonyl groups, 91 
Adenine, 864 
Adenylic acid, 865 
Aerosol O.T., 416 
Aerosporin, 565 
Afridol Violet, 483 
Agathalcne, 679, 680, 690 
Agathic acid, 679 
Agnosterol, 691 
Alcian Blue 8G, 390 
Alcohols, as disinfectants, 406 
effect of substituents on disinfectant 
properties, 413 

equilibration with ketones, 78 
general character, 47 
mechanism of oxidation, 75 
oxidation of, 75, 1202, 1238-1244 
reactions with carbon monoxide, 1101 
Aldehyde-cyanohydrin oxazolc synthe¬ 
sis, 806 

Aldehydes, addition of Grignard re¬ 
agents and organolithium com¬ 
pounds, 97 

addition of organometallic compounds 
to, 96 

Aldol addition (condensation), 102 
mechanism of, 102 
Algol Blue G, 367 
Algol Bordeaux 3B, 369 

IV, pages 681-1246. 
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Algol Brown 3R, 366 
Algol Orange RF, 364 
Algol Red, B, 369 
5B, 363 

Algol Rubine B, 364 
Algol Yellow, GCN, 376 
WG, 367 
3GK, 368 
40. K, 368 

Aliphatic nitro compounds as explo¬ 
sives, 973 
Alizarin, 343 
Alizarin Black S, 342 
Alizarin Blue, 350 
Alizarin Blue Green, 350 
Alizarin Bordeaux B, 345 
Alizarin Brilliant Blue BE, 347 
Alizarin Cyanine Green B, 347 
Alizarin Cyanine R, 345 
Alizarin Dark Green W, 342 
Alizarin dyes, 257 
Alizarin Gcranol B, 349 
Alizarin Green, 322 
X, 350 

Alizarin Light Gray 2BL, 348 
Alizarin Red S, 344 
Alizarin Rubinol R, 349 
Alizarin Saphirol, A, 347 
B, 347 
SE, 347 

Alizarin Sapphire, 347 
Alizarin Yellow R, 279 
Alkali alkoxides, 78 
Alkali Blue, 310 

Alkaline hydrogen peroxide, oxidations 
with, 1125 

Alkaloids, cinchona, as ant imalarials, 455 
Alkanes, see also Hydrocarbons 
chlorination of, 1011 
reactions with carbon monoxide, 1096 
Alkannin, 343 

Alkcnes, see Olefins; Hydrocarbons 
Alkoxides, 48 
Alkyd resins, 682 

Alkylation, carbonium-ion theory of, 
1064 

catalyst action in, 1062 
hydrogen transfer in, 1065 
of alkanes, 1059 
of aromatics, 1066 

of diphenyldiazomethane, 120 

of isobutane, 1060 
of phenols, 1071 
with olefins, 1058 


o-Alkyl-p-chlorophenols as chemothera¬ 
peutic agents, 409 

p-Alkyl-o-chlorophenols as chemothera¬ 
peutic agents, 409 
Alkyl nitrites, oxidation with, 1220 
Alkyl nitroguanidines, 995 
p-n-Alkylphenols as chemotherapeutic 
agents, 407 

4-n-Alkylresorcinols as chemotherapeu¬ 
tic agents, 408 
Alkylureas, 1110 
Allantoin, 794, 879 
from uric acid, 879 
Alloocimene, 585, 644 
Alloxan from uric acid, 879 
Alloxantin, 879 

Allylic compounds, displacements in, 35 

AUylic rearrangement, 36 

Aluminized explosives, 964 

Aluminum alkoxides, 82 

Amarine, 789 

Amatol, 963 

Amatols, 968 

Ambrein, 690 

Amebic dysentery, 500 

Amidines as chemotherapeutic agents, 

491 

Amido Yellow E, 260 
Amines, base strength of aliphatic, 989 
diazo coupling of, 264 
diazotization of, 262 
nitration by chlorine catalysts, 088 
oxidation of, 1166 

Amino acids, azlactonc synthesis, 808 
Aminoacridines, as antiseptics, 424, 426 
Aminoanthraquinonc dyes, 346 
uses of, 347 

Aminoanthraquinoncs, sulfonated de¬ 
rivatives, 347 

p-Aminobcnzoic acid, 398, 442, 443, 444 
antagonism to, 448 

Aminokctones, preparation of, 1220- 
1221 

Aminonitrile reaction, 116 
p- Aminophenylarscnoxidc, 395 
4-Aminoquinoline derivatives as nnti- 
malarials, 467 

8-Aminoquinoline derivatives as anti- 
malarials, 462 
Ammonals, 968 
Ammonium nitrate, 968 
a-Amylasc, 939 
0-Amylasc, 938 
action on starch, 918 
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Amylases, 037 
Amylopectin, 90G, 914 
molecular weight of, 915 
Amylose, 906, 920 
precipitation of, 908 
a-A my lose, 906 
0- A my lose, 906 
a-Amyrin, 691, 699 
0 -Amyrin, 691 
Anabasine, 832 
Aniline Black. 885, 892 
Aniline Black dyes, 337 
Anionic detergents, 415 
Anthocynidinc dyes, 350 
Anthracene Blue WR, 345 
Anthracene Brown, 317 
Anthragallol, 317, 344 
Anthraquinone dyes, 343, 382 
Anthraquinoncimine dyes, 368 
Anthraquinone nucleus, substitution in, 
343 

Anthrimide dyes, 368 
Antiauxochromes, 250 
Antibiotics, 533 

correlation of structure and activity, 
565 

Antibiotic substances, 397 
Antimalarials, methorls of testing. 451 
Antimycin A, 575 
Antioxidants, 195 
Antipyrine, 782, 783 
Antiseptic dyes, 420 
Antiseptic or disinfectant potency, 404 
Antiseptic properties of anil- and 
styrylquinolincs, 434 
Antiseptics, 404 
Antistinc, 792 
Antrycide, 498 
Apoc&mphoric acid, 656 
Apocyanines, 856 
Apoquinine, 419 
ethers, 420 
Apoquinines, 457 
Aposafranine chloride, 891 
Aromadendrenc, 671 
Aromatic compounds, alkylation of, 
1066 

mechanism of nitration, 975 
nitro, as explosives, 973 
ozonolysis of, 1176-1177 
reactions with carbon monoxide, 1097 
Arsenical drugs, 500 
mechanism of action, 504 
fipirocheticidal activity, 509 
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Arsenical drugs, structure-action rela¬ 
tionships, 509 
trypanocidal activity, 509 
Arsenicals, phenyl, effect of substituents 
on activity, 521 

resistance of trypanosomes to, 519 
Arsenic resistance, 520 
Arsenobenzene derivatives, 501 
oxidation by disulfides, 506 
Arsenolysis of starch, 945 
Arsenophenylglycine, 521, 525 
Arsenoxides, 500 

acid amides, drug activity of, 513 
acidic, drug activity of, 513 
bimolecular oxidation of, 513 
carboxylic acids, trypanocidal activ¬ 
ity of, 515 

chemotherapeutic action of, 507 
oxidation by disulfides, 506 
Areonic acid, p-benzamidc, 513 
Areonic acids, 500 
Arsphenamine, 501 
Aryl nitro guanidines, 995 
Ascaridolc, 608, 629 
Aspcrgillic acid, 565, 573 
Astraphloxin FF Extra, 331 
Astrazon Red 6B, 327 
Asymmetric reduction, 80 
Atabrine, 325, 469, 847 
Atoxyl, 394, 502, 519 
Auraraine O, 295 
Aurcomycin, 563 
Aurcothricin, 577 
Aurincs, 310 
Auroxanthin, 716 
Autocatalysis, 1145 
Autoxidations, 1130, 1131, 1134, 1138 
of benzaldehyde. 1139-1140 
von Auwers' rule, 619 
Auxochrorae, 165, 249, 250 
Avenaccin, 575 
Azafrin. 326, 717 
Azelaic acid, 193 
Azine dyes, 333 

Azlactone synthesis of amino acids, 808 
Azoanthrene Brilliant Uubine B, 288 
Azo compounds, structure of, 265 
Azo dyes, 261 
classification of, 266 
preparation of, 261 
resistance of trypanosomes to, 519 
trypanocidal activity, 483 
Azoic dyes, 270 
Azomethine dyes, 331 
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Azo pigments, 269 
Azulenes, 669 
synthesis of, 670 


Bachmann-KnofTler method for cyclo- 
nite, 985 
Bacitracin, 564 

Bacterial diseases, chemotherapy of, 397 
Bacterial infections, 404 
Bacterial septicemias, 436 
Bactericidal action of carboxylic acids, 
416 

Bactericidal agents, 404 
Bacteriostatic activity, relationship to 
structure of sulfonamides, 439 
Bacteriostatic agents, 404 
Bacteriostatic index (B.I.), 424 
Baeyer reaction, 1169 
BAL, 508 
Balata, 720 

Balistic mortar or pendulum, 953 
Barbituric acid, 867 
Barnett catalyst, 934 
Base strength, of aliphatic amines, 989 
of oxygen compounds, 84 
relation to antibacterial activity in 
acridines, 426 
Basic and acid dyes, 255 
Basic diaminotriarylmethane dyes, 301 
Basic methine dyes, 327 
Basic monoazo dyes, 268 
Basic triaminotriarylmethane dyes, 306 
Basseol, 690 
Bathochrome, 165 
Bathochromic effect, 347 
Bathochromic shift, 248 
Bayer 205, 484 
Bayer 7602(Ac), 496, 499 

Beckmann rearrangement, 845 
Bcer-Lambert law, 127 
Benary-Feist furan synthesis, 734 
Benzaldebyde, autoxidation of, 1139- 
1140 

Bcnzamide-p-arsenoxide, 526 
Benzanthronc dyes, 378 
Benzene, effect of substitution on rates 
of reaction, 20 
Benzimidazoles, 795 
Benzo Fast Copper Brown TL 287 
Bcnzo Fast Copper Navy Blue 3 KL, 287 
Benzofuran, 741 
Benzoin condensation, 111 

Volume m, pages 1-680; 


a,0-Benzo->-pyran nucleus, 350 
Benzopyrans, 828 
addition reactions, 830 
structure of, 831 

substitution reactions, 830 

syntheses of, 828 
Benzoquinone dyes, 340 
Benzot hi azoles, 802 
Benzoxazoles, 810 
Benzylpenicillenic acid, 809 
Benzylpenicillin, 537 
synthetic, 548 

Bergmann rearrangement, 546 
Betulin, 699 
Bicyclic diterpenes, 679 
Bicyclic sesquiterpenes, 664 
Bicyclic terpenes, 630 • 

Bicyclic tetraterpcnes, 705 
Biguanides as antimalarials, 472 
Bimolecular nucleophilic substitutions, 
25 

Biological degradation of starch, 937 
Biotin, 761, 771 
Bisabolene, 662 

Bischler-Napieralski synthesis, 801 
Bismarck Brown, 282 
Bixin, 326, 717 
Bjcrrum equation, 15 
Black powder, 967 
Blanc rule, 648 
Bohn process, 372 
Bohn-Schmidt reaction, 345 
Boletol, 344 

Bonzo Fast Gray BL, 291 
Bordeaux, 385 
Bomeol, 641, 645 
Bornyl chloride, 59 
Bbrrelidin, 575 
Borsche synthesis, 763 
Brasilein, 351 
von Braun cleavage, 75 
Bredt rule, 655 
Bridgehead systems, 58 
Brilliant Alizarin Blues, 332 
Brilliant Green, 432 
Brilliant Indigo, 4B, 362 
4G, 362 

Brilliant Indocyanine 6B, 309 
Brilliant Sirius Blue, 323 
Brilliant Yellow, 292 
Brisance, 958 

Bromonium ion, ethylene-, 38 
N-Bromosucciniraide, as a dehydrating 
agent, 1238 
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A'-Bromosuccinimide, for conjugation of 
double bonds, 207 
Bronsted equation, 11 
Bronsted theory, 12 
Buchu camphor, 625 
Buffalo Black NB. 283 
Butarsen, 5M, 515, 525 
Butenes, polymerization and interpoly- 
merization, 1056 

fc/7-Butyl hy|»ochlorite for conjugation 
of double bonds, 207 
xrc-Buty Init ramine, 982 

C 

Cadalenc, 663, 665, 1235 
Cadinene, 663, 664 
Caffeine, 865, 877 
Calochromc Orange GR, 289 
Cumoquin, 468 
Camphane, 645, 648 
Camphane group of ter|>ones, 645-655 
Camplmnic acid, 648 
Camphcnc, 645, 651 
synthesis of, 654 

Camphcnc hydrochloride, rearrange¬ 
ment of, 59 

Camphcnyl-isobornyl cation, 65 
Camphor, 637, 645 
industrial production of, 643 
structure of, 646 
synthesis of, 649 
Camphoric acid, 6-10, 646 
Camphoronic acid, 647 
Candidulin, 572 
Cannizzaro reaction, 1241 
mechanism of, 82 
Capri Blue, 320 
Captax, 796 

Carane group of tcrpcncs, 634-636 
Carbanthrenc Black B, 380 
Carbanthrenc Brown AR, 371 
Carbanthrenc Red BN, 374 
Carbarsone, 503 
Carbazole, 762 
Carbazole dyes, 370 
Carbocyanine dyes, 330 
Carbon dioxide, reactions under pres¬ 
sure, 1109 

Carbonium ion, in alkylation, 1064 
in 5.vl displacements, 28 
solvation of, 30 
stereochemistry of, 57 


Carbon monoxide reactions, in three- 
component systems, 1098 
under pressure, 1095 
with alcohols, 1101 
with carbonyl compounds, 1103 
with oxygenated compounds, 1 MU- 
1109 

with saturated hydrocarbons, 1096 
with unsaturated and aromatic com¬ 
pounds, 1097 

Carbonyl compounds, addition of acety¬ 
lene to, 1093 
order of reactivity, 97 
reaction with carbon monoxide, 1103 
Carbonyl group, addition reactions of, 

91 

basic strength of, 83 
Carbostyril syntheses, 848 
Carboxylation of acetylene, 1095 
Carboxylic acids, ste also Acids and 
Fatty acids 

aliphatic, bactericidal action of, 416 
Carcinogenic activity, 1188 
Cardiolipin, 234 
Carcncs, 634 
Carniinic acid, 340 
Carmoisinc WS, 280 
Carnauba, 215 
Carone, 611, 635 
Caronic acids, 635 

Caro's acid, oxidations with, 1125, 1153, 
1169 

Carotene, 326 
o-Carotene, 705, 707 
0-Carotene, 703, 705 
synthesis of, 703 
Carotenoids, 700 
as dyes, 326 
chromatography of, 701 
epoxides of, 714 
isomerization of, 711 
light absorption of, 709 
Carvacrol, 602, 624 
Carvcnone, 602, 623 
Carveol, 623 
Carvcstrene, 611 
Carvomcnthol, 623, 625 
Carvomenthol group of tcrpcncs, 023- 
625 

Carvomenthonc, 623, 625 
Carvone, 597, 598, 623, 624 


Carvotanacctonc, 606, 623 
Carylamine, 611 
Catalase decomposition, 1154 
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Catalase decomposition, of hydrogen 
peroxide, 1158 
Catalysis, acid-base, 88 
Catalysts, action in alkylation, 10G2 
Barnett, 934 

chlorine in amine nitration, 988 
for alkylation of phenols, 1071 
for ethylene polymerization, 1018— 
1022 

for hydration of olefins, 1076 
for liquid-phase hydration of olefins, 
1078 

free-radical, for high-pressure poly¬ 
merization, 1028 

in aromatic alkylation, 1007 
re-forming, 1008 

Catalytic polymerization, of ethylene, 
1017 

of propenc, 1053 
Cationic detergents, 415 
Celanthrene Fast Yellow, 260 
Celliton Blue B, 318 
Celliton Discharge Blue 5G, 268 
Celliton Fast Blue B, 346 
Celliton Fast Blue Green B, 3-16 
Celliton Fast Pink RF, 346 
Celliton Fast Violet B, 346 
Celliton Fast Yellow 7G, 327 
Cellobiose, 913 
Ccphalin, 218, 219, 229 
preparation of, 230 
properties of, 231 
structure of, 230 
synthesis of, 231 
Ccrcbronic acid, 236 
Cercbrosides, 217, 236 
Ceric sulfate, oxidation with, 1214 
Ccrtuna, 464 

Chagas's disease, 482, 495 
Chamazulenc, 669 
Chaulmoogra oil, 183 
Chaulmoogric acid, 416 
Chelate ring in decarboxylation, 106 
Chelidonic acid, 822, 825 
Chemical classification of dyes, 258 
Chemical constitution and physiological 
action, 395 
Chemorcceptors, 520 
Chemotherapeutic action of arscnicals, 

508 

Chemotherapeutic agents, method of 
approach, 394-397 
Chemotherapeutic index, 394, 402 


Chemotherapeutic indices of antimalar- 
ials, 453 

Chemotherapeutic remedies, 404 
Chemotherapy, 392 
definition of, 393 
of bacterial diseases, 397 
Chenopodium oil, 629 
Chetomin, 577 
Chicago Blue 6B, 286 
Chloramine synthesis, 982 
Chloramphenicol, 558 
characteristics of, 558 
syntheses of, 559 
Chlorantinc Fast Blue GGL, 291 
Chlorantinc Fast Green BL, 294 
Chlorantinc Light Violet 5 BL, 283 
Chlorination of alkanes, 1011 
Chlorine catalysts for amine nit rut ion, 
988 

Chlorinolysis, 1011 
Chloroaphin, 566, 573 
Chloromethylation, 113 
Chloromycetin, 558, 559 
Chlorophylls, 744 
Chloroquine, 468, 846 
Cholesterol, 216, 1237 
Cholesterol derivatives, rearrangements 
of, 63 
Choline, 221 
Chroman, 828 

Chromatographic adsorption of carote¬ 
noids, 701 
Chrome Green, 302 
Chrome Violet CG, 311 
Chromic acid, oxidation with, 1202 
Chromic acid oxidation, mechanism of, 
1206 

oxygen absorption in, 78 
Chromium trioxidc, oxidations with, 
1122 

Chromogene, 249 
Chromonc, 828 
Chromone dyes, 350 
Chromophores, 165, 249 
conjugated, 165, 166 
cumulated, 167 
isolated, 165, 166 
single, 166 

Chromotropc acid, 282 
Chromoxane Brilliant Red 3B, 315 
Chromvl chloride, oxidation with, 1202, 
1204 

Chromyl chloride oxidation, mechanism 

of, 1209 
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Chrysamine O, 286 
Chrysean, 798 
Chrysiodine, 2G9 
Chrysopbenine G, 292 
Ciba Blue 2B, 3G2, 387 
Ciba Bordeaux B, 364 
Ciba Brown R, 362 
Ciba Heliotrope B, 36G 
Cibanonc Blue 3G, 37G 
Cibanonc Orange 6R, 3GS 
Ciba Scarlet G, 367 
Ciba Violet B, 366 
Cilional, 464 

Cinchona alkaloids, structure and anti- 
malarial activity, 455—160 
Cinchonidine, 455 
Cinchonine, 455, 846 
Cinchoninic acid synthesis, 851 
Cincolc, 627 
Cinnoline, 883 
Circulin, 565 

Cia-trana isomers, 154, IG8 
Citral, 584, 587, 593 
0 -Citraurin, 717 
Citrinin, 565, 568 
Citronella, 586 
Citronellic acid, 586 
Citronellol, 586 
Citroxanthin, 715 
Claiscn rearrangement, 70 
Claisen-Schmidt condensations, 113 
Clavacin, 565, 818 
Cloth Red B, 289 
Cocarboxylase, 796 
Coerulcin, 317 
Collidine, 839 
0 -Collidinc, 836 
Colophony, 681 
Color, theories of, 249 
Color and constitution, 247 
Color photography, 318 
Color theory, application of resonance 
to, 251 

Columbia Fast Black G, 291 
Columbia Yellow, 804 
Combustion of methane, 1009 
Comenic acid, 825 
Composite explosives, 967 
Configuration, retention of, in displace¬ 
ments, 37 
Congasin, 498 
Congo Red, 286 
Coniine, 844 

Conrad-Limpach reaction, 848, 851 


Copaenc, 668 

Cope rearrangement, 71, 73 
Copolymers, ace alao Interpolymers; 
Interpolymerization 
of ethylene, 1034 
properties of, 1040 
Copper phthalocyanino, 388 
Corallines, 310 
Cori ester, 943 
Coumalic acid, 820 
Coumanic acid, 825 
Coumarin, 818 
Coumarins, reactions of, 830 
syntheses of, 829 
Ooumaronc, 741 
Coupling reaction, diazo, 265 

of Grignard reagents and organic 

halides, 101 
Creatinine, 794 
Crithmene, 604 
Croeetin, 326, 717 
Crossed conjugation, 1G7 
Cross linkages, in rubber, 720 
in starch, 916 
Cryptoxanthin, 704, 712 
Crystalline structure of starch, 927 
Crystal Violet, 57, 252, 298, 307, 420, 
432 

as an antiseptic, 420 
Cumar resins, 743 
Cupreine, 455 
Curcumin, 326 
Curcumine S, 288 
Cyanidin, 351 
Cyanin, 831 

Cyanine dyes, as antiseptics, 434 
use in color photography, 328 
Cyanuric acid, 893 
Cyanuric chloride, 368 
Cyanuric halides, 893 
Cyaphenine, 893 

Cyclic intermediates in rearrangements, 
61 

Cyclization reactions of acyclic oxygen¬ 
ated terpenes, 592 
a-Cyclocitrals, 593 
/*-Cyclocitrals, 593 
Cydofenchene, 658 
Cyclonite, 894, 963, 98^-988 
by Ebele-Schiessler-Ross method, 985 
by Hale method, 983 
by Knoffler-Bachmann method, 986 
by Wolfram method, 987 
properties of, 988 
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Cyclooctatetraene, 1085 
Cyclotrimethylenetrinitramine, see 
Cyclonite 
p-Cyraene, 593 
Cysteine, 505 

Cytolytic action of bactericidal deter¬ 
gents, 416 
Cytosine, 864 

D 

Dark Blue BO, 380 
Darzens condensation, 114, 634, 677 
Dealdolization, 107 
mechanism of, 107 
Deamination, 59, 63 
Denomination, 50 
Debye-HUckd equation, 11 
Decarboxylation, 105 
Deflagration, rate of, 958 
DEGN, 972 
Dehydration, 49 
Dehydrogenating agents, 1232 
oxidations with, 1126 
Dehydrogenation, chemical, 1235 
Dehydrohalogenation, 49 
Dchydrothiotoluidine, 284 
Delphine Blue B, 322 
Dclphinidin, 351 
Dcsmoglycogen, 949 
Desulfurization of penicillins, 802 
Detergents, anionic, 415 
as bactericidal agents, 414 
bactericidal, cytolytic action of, 416 
cationic, 415 
synthetic, 414 

Determination of molecular structure, 

170 

Detonation, high-order, 900 
of acetylene mixtures, 1084 
rate of, 958 
zone of, 961 
Developed dyes, 255 
a-Dcxtrin, 940 941 
0 -Dcxtrin, 941 

Dextrin I, II, and III, residual, 918 
Dextrinization, 939 

Diacyl peroxides, oxidation with, 1131, 

1136 

Diamidines as trypanocidal agents, 
486 

Diamine Brown M, 286 
Diamine Fast Red FC, 286 
4 ,4'-Diaminodiphenyl sulfone, 441, 448 
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Diaminotriarylmethnne dyes, 301 
basic, uses of, 302 
Diamond Black, F, 289 
PV, 258, 280 

Dianthraquinonylurea dyes, 367 
Dianthrone dyes, 383 
Dianthrones, structures of, 383 
DiaryImethane dyes, 294 
Diasone, 442 
Diastase, 937 

Diazoamino compounds, 274 
Diazo Black BHN, 290 
Diazo Blue Black RS, 290 
Diazo Brilliant Scarlet, BAI., 288 
3B Extra, 293 

Diazo compounds, stabilized, 273 
Diazo coupling reaction, 265 
Diazomethane, reactions yielding pyraz- 
olines, 780 
Diazoquinoncs, 815 
Diazotization, 262 
effect of substituents on, 262 
Dibenzanthrone, 380 
Dibenzanthrone dyes, 379 
Dibenzofuran, 743 
Dibenzothiophene, 773 
Dibenzoyl peroxide, decomposition of, 
1132 

oxidizing action of, 1132 
Dibenzpyrenequinones, 383 
as dyes, 382 
Dicoumarol, 818, 830 

N. N'-Dicyclohexylimidazolidine, 991 
Dieckmann condensation, 632, 772, 845 
Dielectric constant, change of inductive 

effect with, 18 

Diels-Alder reaction, 201, 266, 738,826, 
830 

Diels' hydrocarbon, 1237 
Dietbylcne glycol dinitrate, 972 
Dihydroazine dyes, 371 
Dihydrocuminaldehyde, 609 
Dihydrocuminylaminc, 609 
Dihydrocudesmol, 667 
Dihydroporphyrin, synthesis of, 752 
Dihydroquinine, 419 
Dihydroselincnol, 667 
Dikctocineole, 628 

1,2-Diketoncs, oxidation of, 1170, 1172, 
1197 

preparation of, 1226 
Dimercaprol, 508 

O , 0-Dimethylcysteine, 546 
1,8-Dimcthylpicenc, 694 
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Dimidium bromide, 493 
DINA, 992 

Dinitrates, thermal stability of, 971 
Dinitroimidazolidone, 980 
Dinol, 815 
Diosphcnol, 625 
Dioxazine dyes, 322 
Dipentene, 596, 598, 644 
Diphenylamine as explosive stabilizer, 
970 

Diphenyldiazoincthane, alkylation of, 
120 

Diphenylcnc oxide, 743 
Diphenylmcthane, oxidation of, 1205, 
1206, 1227 

Diphosphoinositide, 235 
Dipyrazolanthronc dyes, 385 
Direct Deep Black EA, 290 
Direct dyes, 255, 283 
Disazo dyes, 267, 281 
Dischnrgeable dyes, 291 
Disinfectant or antiseptic potency, 
404 

Disinfectants, 404 
surface-active, 414 
Displacement reaction, 4, 25 
effect of structure in, 31 
electrophilic, 45 
internal electronic, 17 
ionic, role of solvent in, 29 
participation of neighboring groups 

in, 37 

retention of configuration in, 37 
unimolccular nucleophilic, 27 
Disulfides, oxidation of arsenoben- 
zenes by, 50G 

oxidation of arsenoxidcs by, 50G 
Diterpcncs, 671-088 
acyclic, 671 
bicyclic, 679 
monocyclic, 673 
tricyclic, 681 

Docbncr-Miller reaction, 850, 853 
Docbner pyruvic acid synthesis, 851 
Doebner’s Violet, 251, 301 
Double bonds, quantitative estimation 
of, 1163 

Double inversion, 44 
Driving forces in participation of neigh¬ 
boring groups, 39 

Drugs, resistance of trypanosomes to, 
521, 529 

Drying oils, 194, 200, 202, 213, 1138, 
1141 


Dyes, see also under individual members 
acid, definition of, 255 

diaminotriarylmethane, 302 
monoazo, 276 

triaminotriarylmethane, 308 
acridine, 323 
acridonc, 373 
acylacetanilide, 271 
acylaminoanthroquinone, 367 
alizarin, 257 

aminoanthraquinonc, 346 
Aniline Blacks, 337 
anthanthronc, 382 
anthocyanidincs, 351 
anthraquinone, 343 
anthraquinoneimine, 368 
anthrimide, 368 
as antiseptics, 420, 431 
as trypanocidal agents, 483 
azine, 333 
azo. 261 

classification of, 266 
resistance of trypanosomes to, 519 
trypanocidal activity, 483 
azoic, 270 
azoincthinc, 331 
basic, definition of, 255 
diaminotriarylmethane, 301 
methine, 327 

monoazo. 268 

triaminotriarylinetliane, 306 
benzanthrone, 378 
benzidine and related ty|>es, 285 
benzoquinone, 340 
carbazole, 370 
carbocyaninc, 330 
carotenoid, 326 
chemical classification of, 258 
chromone, 350 
classification of, 255 
cyanine, as antiseptics, 434 

developed, 255 
diaminotriarylmethane, 301 
dianthraquinonylurea, 307 
dianthrone, 383 
diarylmethane, 294 
dibenzanthrone, 379 
dibenzpyrenequinone, 382 
dihydroazinc, 371 
dioxazine, 322 
dipyrazolanthrone, 385 
direct, 255, 283 
disazo, 267, 281 
dischargeable, 291 
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Dyes, eurhodine, 334 
eurhodole, 334 
Havant hrone, 377 
flavonc, 350 

from 5-pyrazolones, 784 
gallocyanine, 321 
hydroxyanthraquinone, 343 
hydroxytriarylmet ha ne, 310 
indamine, 318 
indoaniline, 318 
indophenol, 318 
isocyanines, 329 
Janus, 336 
level, 277 

mechanism of antibacterial action, 
430 

metal complex, general types, 257 
metalized, 257, 279 
methine, 325 
nionoazo, 267 
mordant, 256 
naphthol, 270 
azoic, 270 

naphthoquinone, 342 
nigrosine, 337 
nitro, 260 
nitroso, 258 
organic, 243-391 
oxazine, 320 
phenazine, 334 
phenocyanine, 322 
N-phenylphcnazine, 335 
phthalein, 314 

phthalocyanine, 357, 388, 762 
polyazo, 290 
polyene, 325 
primuline, 804 
py rant hrone, 377 
pyronine, 313 
quinone, 340 
quinoneiinine, 317 
Rapidazolcs, 274 
Hapidogen, 274 

resistance of tryp a,,oson,cs 519 

rhodamine, 314 

rhodole, 315 

rosinduline, 336 

safranine, 335 

salicylate, 257 

solubilized vat, 386 

stilbenc, 288 

substantive, 284 

sulfur, 256, 352 


Dyes, thiazole, 375 
thioindigo, 363 
thioxanthone, 375 
triaminot riarylmet bane, 306 
triarylmethane, 294 
triazine, 293 

triphenylmethane, as antiseptics, 432 
resistance of trypanosomes to, 519 
trisazo, 267, 290 
vat, 256, 358 
classification of, 358 
xanthene, 312 
Dynamites, 969 

E 

E\ and E 3 mechanisms, 49-54 
Ebele-Schiessler-Koss method for cy- 
clonite, 985 
Eicosanoic acid, 215 
Electric moments, nature of, 17 
Electromeric effect, 19 
Electronic displacement, internal, 17 
Electronic interpretation of oxidation, 
1128 

Electronic spectra, 124 
applications, 169 
origin of, 158 

Electronic states, description of, 159 
Electrophilic displacement, 45 
Electrostatic field effect, 14 
Electrostatic medium, 16 
effect of substituents, 16 
Electrovalent solvation, 30 
Elemadienolic acid, 690 
Elemadicnonic acid, 690 
Eleostearic acid, 199 
Elimination reactions, mechanisms of 
E x and E z , 49-54 
stereochemistry of, 51 
Emcraldinc, 337 
Emulsin, 918 

End-group assay, mcthylation proce¬ 
dure, 914 

End-group determination of starch by 
periodate, 920 
Energy, of activation, 7 
of disruption, 954 
of TNT, 954 
of explosion, 952 
Engler-Bach theory, 1140 
Enniatin A, 575 
Enniatin B, 574 
Enniatin C, 575 


thiazinc, 331 
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Enolization, 8fi 
kinetics of, 87 
Enols, 90 
oxidation of, 1164 
stable, 90 

Enzyme action, in oxidation-reduction 
systems, 1239 
on starch, 918 
Eosin, 316 
Eosin BN, 316 
Eosin 10B, 316 
Epiphasic layer, 700 
Epiquinine, 456 
Epoxides of carotenoids, 714 
Equilibrium constant, 10 
Krgosterol, 216 
Eriochromc Cyanine R, 311 
Eriochrome Flavine A, 279 
Enochrome Red B, 280 
Erioviridin B, 303 

Erlenmeyer azlactone synthesis, 808 
Erythrosin Extra, 316 
Ester gum, 682 
Esterification, 118 
Esters, hydrolysis, 118 
sodium reduction of, 208 
fttard’s reagent, see Cbromyl chloride 
Ethers, oxidation of, 1134, 1143 
phcnylalkyl, rearrangements of, 70 
Ethylene, catalytic polymerization of, 
1017 

decomposition of, 1016 
interpolymerization of, above 7500 
p.s.i., 1033 

below 7500 p.s.i., 1023 
interpolymere with vinyl acetate, 
1037 

olefin interpolymere with, 1035-1036 
polymerization of, above 7500 p.s.i., 
1024 

below 7500 p.s.i., 1013 
telogens for, 1045 
thermal polymerization of, 1014 
Kthylene-bromonium ion, 38 
Ethylencdinitramine, 981 
Ethylene oxides, 43 

Ethylene polymerization, catalysts for, 
1018-1022 

effect of peroxides on, 1021 
free-radical catalysts, 1028 
Ethylene telomerization with active 
hydrogen compounds, 1049 
Ethylene telomere, reactions of, 1046 
Ethynylation, 1093 


Eucalyptus oil, 627 
Eucarvone, 636 
Eudalcne, 663, 667, 1236 
Eudesmol, 663, 6G7 
Euflavinc, 423 
Eurhodinc dyes, 334 
Explosion, energy of, 952 
heat of, 952, 955 
mechanisms of, 960 
rate determination of, 959 
Explosion calorimeter, 955 
Explosives, see also individual mem hers 
aluminized, 964 
chemistry of, 951-1000 
composite, 967 
desirable properties of, 9G5 
elements desirable in, 957 
guanidine, 992 
nitrate esters, 9G8 
phlcgmatization of, 9C5 
sensitiveness of, 962 
stabilizers for, 970 
tests of, 964 

theory of initiation of, 966 
Explosive system, definition of, 952 
Kyring equation, 11, 23 

F 

Fanal colors, 310 
o-Farnesene, 661, 1235 
Farncsol, 660 
Fast Acid Violet 10B, 309 
Fast Blue BB, 1272 
Fast Color Salts, 273 
Fastusol Blue GG, 291 
Fastusol Turquoise Blue LGLA, 390 
Fats, 180-217 
acids in, 183 

commercial, composition of, 182 
conversion to acids, 211 
definition of, 180 
hydrogenation of, 207 
off-flavor of, 194 
origin of, 181 

oxidation and autoxidation of, 193 
. rancidity of, 194 
representative acids of, 185 
use of, 181 

x-ray diffraction patterns of, 190 
Fatty acids, see also under individual 
members and under Acids 
addition reactions of, 210 
chemical reactivity of, 192 
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Fatty acids, conversion to nitriles, 212 
Imlogenation of, 209 
hydrohalogenation of, 209 
in lecithin, 225 
isomerization of, 171, 203 
reactions of the carboxyl group in, 
211 

Fehling’s solution, oxidation with, 1214 
Feist-Denary furan synthesis, 734 
Fenchane group of terpenes, 656-659 
a-Fenchene, 656 
a-Fenchocamphorone, 656 
Fenchone, 656 
synthesis of, 659 
Fenchyl alcohol, 641, 657 
Fenton’s reaction, 1157 
Ferric chloride, oxidation with, 1214 
reaction with phenols, 1216-1217 
Fischer indole synthesis, 746, 755 
catalysts for, 755 
Fisetin, 350 

Fit between drug molecules and cell 
constituents, 400 
Flavanthrone dyes, 371, 377 
Flavazin L, 277 
Flavochrom, 716 
Flavones, 828 
as dyes, 350 

Flavophosphine GO, 324 
Flavylium salts, structures of, 831 
Fluorescein, 316 

Fluoroolefins, polymerization of, 1116 
reactions under pressure, 1110-1118 

Folic acid, 444, 864, 885 
Formazan, 817 
Formyl Violet S4B, 308 
Fourneau 309, 484 
Fradicin, 576 

I'ranchimont primary nitramine syn¬ 
thesis, 981 

Free-radical catalysts for ethylene poly¬ 
merization, 1029 
Free-radical mechanism, 3 
Free-radical reactions of Grignard re¬ 
agents, 99 

Frequency, units of, 126 
Frequcntin, 569 • 

Friction-impact test of explosives, 964 
Fricdel-Crafts acylation, 751 _ 
Fricdlander synthesis, 848, 852 
Fructigenin, 575 
Fuchsine, 299, 306 
synthesis of, 299 
Fumagillin, 571 


Furacin, 732 
Furails, 732-744 
addition reactions, 738 
Benary-Feist synthesis, 734 
ring stability, 739 
structures of, 740 
substitution reactions, 735 
Furazans, 814 

Furfural, manufacture of, 733 
Fuscin, 569 

G 

Gallaminc Blue, 321 

Gallazines, 322 

Gallcin, 316, 317 

Gallic acid derivatives, 321 

Gallocyanine dyes, 321 

Gallothionin, 332 

Gambine Y, 259 

Ganglioside, 241 

Gnntrisin, 437 

Gap test for explosives, 964 

Gattermann aldehyde synthesis, 751 

Gaucher’s disease, 242 

Gelatin dynamites, 965 

Gelation of nitroglycerine, 965 

Geodin, 571 

Geranial, 589 

Geranic acid, 588 

Geraniol, 588 

Germanicol, 692 

Gcronic acid, 675, 707 

Glacier Blue, 302 

Gladiolic acid, 568 

Gliotoxin, 565, 577 

Globin, 744 

Glucose, mutarotation of, 93 
<r-Glucosidasc, 918 
>-Glutamylcysteinylglycinc, 504 
Glutathione, 504, 507 
Glutinosin, 571 
Glycerides, synthetic, 213 
Glycerolipids, 217 
Glvceropiiosphoric acid, 221, 222 
Glyceryl nitrate, 968 
tt-Glycerylphosphorylcholine, 222 
Glycogen, 918, 947 
• molecular weights of, 949 
Glycol cleavage, 1195, 1197. 1212 
with lead tetraacetate, 1189 
Gossypol, 216 

Gracbe-Ullmann syntheses, 763 
Gramicidin, 564 
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Gram-negative organism, 421 > 

Gram-positive organism, 421 
Gram test, 421 
Grifolin, 570 

Grignard reagents, 9G, 07 

coupling reactions with organic hal¬ 
ides, 101 

free-radical reactions of, 99 
reducing action of, 98 
Grisein, 577 
Griscofulvin, 571 
Growth factors, 398 
Guaiazulene, 669 
Guaiol, 669 

Guanidine explosives, 992 
Guanidine nitrate, 992 
Guanine, 864 
Guinea Green HA, 303 
Gutta-percha, 720 

H 

H-acid, 282, 483 
Haematcin, 351 
Halnrsol, 520 

Hale method for cyclonite preparation, 

983 

Hale nitrolysis, 986 
Halochromic salts, 57 
Halogenation of ketones, 86 
Halogen compounds as telogens in 
ethylene polymerization, 1045 
Halogens, oxidations with, 1127 
a-Haloketoncs, reaction with negative 
ions, 35 

Hammett equation, 19 
Hammett’s values of a, 21 
Hansa Yellow G, 269 
Hantzsch pyridine synthesis, 835 
Hantzsch pyrrole synthesis, 746 
Hantzsch synthesis, 833 
Haworth’s mcthylation procedure, 903 
Heat of explosion, 952, 955 
Hcderagcnin, 695 

Helical configuration of starch, 929 
Helindon Brown, CM, 342 
3GN, 368 

HeUndon Khaki CR, 341 
Helindon Yellow CG, 341 
Heliofast Yellow 6GL, 368 
Helmerco colors, 310 
Ilelvolic acid, 571 
Heme, 744 
Heraiacetals, 93 


Hemipyocyaninc, 566, 572 
Hemoglobin, 744 
Herquein, 570 
Heteroauxin, 755 
Heterocyclic chemistry, 723-900 
Heterocyclic compounds, nomenclature 
of, 727 

six-membered, with more than two 
heteroatoms, 893 

Heterolytic cleavage in oxidations, 

1129-1131 

Hexamethylenetetramine, 112, 894, 983 
Hexanitrodiphenylaminc, 978 
Hexaphenylethane, dissociation of, 13 
oxidation of, 1144 
Hexogen, see Cyclonite 
Hexokinase, 507 
Hcxonitc, 978 
Hexyl. 978 
Hcxylrosorcinol, 416 
Hirsutic acid, 569 
Hirsutidin, 351 
Histamine, 787 
Histidine, 787 
HMX, 984, 985 

Hocsch-Houbcn ketone synthesis, 751 
Hofmann degradation, 639, 869 
Hofmann rule, 53, 640 
Homoallylic systems, 63 
Homocamphoric aeid, 648 
Homologous scries, pharmacological re¬ 
lationships in, 410 

Homolytic cleavage in oxidations, 1129- 
1131 

Hontophthalic acid, 862 
Homoretcne, 684 
Homoterpenylic aeid, 612, 644 
Houben-Hoesch ketone synthesis, 751 
Hudson’s rules of isorotation, 557 
Hue, 262 
Hybrid bonds, 19 
Hydantoin, 793 

Hydration of olefins, 1073-1080 
Hydrazines from pyrozolcs, 777, 781 
Hydride ion, transfer of, 80 
Hydride shifts, 69 
Hydrocarbons, see also Olefins 

reactions with carbon monoxide, 1096 
saturated, chlorination of, 1011 
nitration of, 1012 
reactions under pressure, 1003 
Hydrocupreine, 419 
Hydrogen, ortho and para, 5 
Hydrogen cyanide, addition of, 91 
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Hydrogen peroxide, oxidations with, 
1125, 1153, 1171 

Hydrogen transfer in catalytic alkyla¬ 
tion, 1065 

Hydrolysis of esters, mechanism, 118 
Hydron Blue R, 356 
Hydroperoxide radicals, 1144-1152 
Hydroperoxides, 196, 1144-1152, 1155- 
1156 

Hydropyrans, 819 
Hydroxyanthraquinone dyes, 343 
o-Hydroxy ketones, oxidation of, 1197 
Hydroxylation of double bonds, 1154 
8 -Hydroxyquinoline, 427 
Hydroxystrcptomycin, 557 
Hydroxytriarylmethane dyes, 310 
Hyperchrome, 165 
Hypochrome, 165 
Hypophasic layer, 700 
Hypsochrome, 165 
Hypsochromic shift, 248 

I 

Illudin M and S, 569 
Imidazoles, 787-796 
addition reactions, 791 
ring stability of, 791 
structure of, 792 
substitution reactions of, 789 
syntheses of, 787 
Imidazolidines, 793 
as explosives, 996 
Immcdial Black Brown S, 355 
Immedial Black FF, 356 
Immcdial Dark Brown A, 355 
Immedial Orange C, 354 
Immcdial Pure Blue, 355 
Immcdial Yellow, D, 354 
GG, 353 

Indamine dyes, 318 
Indanthrcne, 371, 893 
Indanthrene Blue, BC, 373 
GC, 373 
GCD, 373 
It, 371 
RK, 372 
5G, 372 
8 GK, 374 

Indanthrene Brilliant Orange, GK, 382 
GR, 385 
IIK, 382 

Indanthrene Brilliant Violet, RK, 368 
RR, 381 


Indanthrene Brilliant Violet, 3B, 381 
Indanthrene Brown RRD, 364 
Indanthrene Direct Black RB, 378 
Indanthrene Golden Orange, G, 378 
GN, 375 
R, 378 
3G, 370 
2ItT, 378 

Indanthrene Golden Yellow, GK, 383 
RK, 383 

Indanthrene Green, B, 380 
BB, 373 

Indanthrene Khaki GG, 370 
Indanthrene Olive Green B, 381 
Indanthrene Orange 6RTK, 369 
Indanthrene Red 5G, 368 
Indanthrene Red Violet, RH, 304 
RK, 374 

Indanthrene Scarlet 2G, 385 
Indanthrene Violet, R, 381 
RT, 380 

Indanthrene Yellow, GF, 376 
GN, 375 
R, 377 

Indanthrone, 380 
Indanthrones, halogenatcd, 373 
Indazolcs, 785 
Indican, 359 
Indigo, 359, 758 
structure of, 360 
Indigocarmine, 301 
Indigo 5B, 362 
Indigosol Blue 04 B, 387 
Indigosol Orange HR, 387 
Indigosol Red IFBB, 387 
Indigosols, 387 
Indigo Yellow 3G, 362 
Indirubin, 365 
Indoanilinc dyes, 318 
Indoles, 755-764 
addition reactions of, 700 
ring stability of, 759 
structure of 762 
substitution reactions of, 760 
syntheses of, 755-759 
Indophcnin test for thiophenes, 771 
Indophenol Blue, 318 
Indophenol dyes, 318 
Induction period, 1150 
Inductive effect, 17, 18 
Indulinc dyes, 336 
Induline Scarlet, 330 
Influence test for explosives, 964 
Infrared absorption bands, table of, 143 
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Infrared and ultraviolet spectra, appli¬ 
cations to organic chemistry, 
122-177 

Infrared group frequencies, table of, 141 
Infrared spectra, 128 
applicability to inorganic compounds, 
156 

applications of, 135 

comparison with ultraviolet spectra, 

utility of, 175 
complexity of, 130 
efTect of conjugation on, 152 
effect of hydrogen bonding on, 153 
effect of ring strain on, 153 
effect of selection rules on, 153 
for kinetic studies, 155 
in qualitative analysis, 135, 130 
origin of, 128 
Inhibitors, 1134 

Initiation of explosives, theory of, 066 
Initiators for polymerization, 1028 
Inositol lipids, 234 
Integrated absorption intensity, 128 
Intermediates, definition of, 62 
in rearrangements, cyclic, 61 
Internal electronic displacement, 17 
Interpolymerization, of butenes, 1056 
of ethylene, above 7500 p.s.i., 1033 
below 7500 p.s.i., 1023 
of propene, 1052 
Interpolymers, of propene, 1055 
properties of, 1039 

Inversion, bimolecular, mechanism of, 
26 

Iodides, oxidation of, 1166 
Iodine value (I.V.), 187 
Iodinin, 566, 572 
Iodol, 750 

Ionic displacement reaction, solvent 
in, 30 

Ionic reactions, effect of solvent on, 29 
Ionization of sterically hindered acids, 
121 

«*-Ionone, 594, 707 
0-Ionone, 594, 676, 707 
i/~Ionone, 594 

Ions, negative, nucleophilic activities 
of, 32 
Irgafen, 438 
Iris Blue, 321 
I rone, 595 

Isobornyl-camphenyl cation, 65 
Isobornyl chloride, 59, 652 
Isobutane, alkylation of, 1060 


Isocamphanc, 645 

Isocamphano group of tcrpencs, 645-655 

Isocarbostyril, 862 

Isocoumarin, 862 

Isocyanine dyes, 329 

Isodiazotatcs, 274 

Isodibcnzanthrone, 381 

Isofenchonc, 659 

Isofenchyl alcohol, 658 

Isogcronic acid, 707 

Isoindole, 762 

Isomenthol, 619 

Isomenthonc, 618 

Isomers, cis-trans, 154 

Isoniquidine, 459 

Isooctane, 1057, 1059 

Isopcntaquinc, 466 

Isophorone, reactions with methyl mag¬ 
nesium bromide, 101 
Isopimaric acid, 687, 688 
I sop re nc rule, 582 
Isopulegol, 587, 592, 616 
Isopulcgonc, 614, 616 
Isoquinolines, 860-863 
reactions of, 862 
structure of, 863 
syntheses of, 860 

Isorotation, Hudson’s rules of, 557 
Isorropcsis, 249 
Isothiazoles, 812 
Isothujone, 633 
Isoxazolcs, 811 

J 

J-acid, *282, 284 
Jade Green, 380 
Janus dyes, 336 
Javanacin, 565, 569 
Juglon, 342 

K 

Katigen Brilliant Green G, 357 
Kcrasin, 236 
Keratin, 507 
Kermcs, 346 
Ketocincole, 628 
Keto-onol equilibrium, 85 
Kctoisocamphoric acid, 643 
Ketones, addition of Grignard reagents 
and other organomctallic com¬ 
pounds, 96, 97 

equilibration with alcohols, 78 
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Ketones, halogenation of, 86 
oxidation of, 1169, 1220 
reactions with aluminum alkoxides, 82 
relative oxidizing powers of, 1243 
Ketonic acids, oxidation of, 1172 
Kinetic behavior, effect of structure on, 
24 

Kinetic studies, infrared spectroscopy 
for, 155 

Kirkwood-Westheimer treatment, 16 
Knoevenagel synthesis, 821, 828 
Knoffler-Bachmann method for cyclo- 
nite, 986 

Knorr pyrazoline reaction, 781 
Knorr pyrrole synthesis, 745 
Knorr reaction, 851 
Komppas synthesis, 649 
Kryogen Yellow, G, 354 
R, 354 

Kryptocyaninc, 330 
Kugel synthesis, 373 
Kuhn-Roth methyl group determina¬ 
tion, 1202 

L 

Lactaroviolin, 569 
0 -Lactoncs, 41 
Lactonization, 43 
Lakes, 278 
metal, 256 

Lambert-Beer law, 127 
Lanolin, 215 
Lanosterol, 691 
Lapachol, 343 
Lateritiin I, 575 
Lauth’s Violet, 332 
Lawson, 343 
Lead azide, 964 

I>cad tetraacetate, mcthylation by, 1 186 
oxidations with, 1123, 1124, 1185 
Lecithin, 217, 218, 220 
ionic structure of, 225 
preparation of, 220 

properties of, 226 
reactions of, 228 
structure of, 221 
synthesis of, 228 
Lecithinasc A, B, C, and D, 227 
liedol, 671 

Lcucomalachitc Green, 295, 300 
Leucoquinizarin, 348 
Level dyes, 277 
Lewisite, 507 


Light absorption, and color, 248 
of carotenoids, 709 
Light Green SF, 302 
Lignoceric acid, 236 
Limonene, 596, 598 
Linalool, 590 
Linoleic acid, 198, 208 
isomerization of, 205 
Linolenic acid, 199 
isomerization of, 205 
Lipid metabolism, 241 
Lipids, 178 
classification of, 179 
Lipoidal content of trypanosomes, 524 
Lipositol, 235 
Liquid crystals, 226 
Lithium aluminum hydride reduction, 
83 

Lit hoi Fast Orange RN, 269 
Lit hoi Red R, 278 
Lit hoi Yellow 2G, 260 
Lithosol Red 2B, 278 
I/omatiol, 343 
Lophine, 789 
Luminol, 88-1 
Lupeol, 691, 699 
Lutein, 582, 713 
Lutidine, 839 
Lycomarasmine, 572 
Lycopene, 701, 702 
synthesis of, 702 
Lycoxanthin, 704 
Lycoxanthophyll, 704 
Lyoglycogen, 949 
Lysocephalin, 231 
Lysol, 406 

M 

Madelung synthesis of indoles, 755, 756 
Malachite Green, 296, 301, 303, 432 
Malaprade reaction, 1196 
Malaria, chemotherapy of, 449-481 
Malt amylase, 937 
Maltase, 938 

Maltol rearrangement, 555 
Maltose, 913 
Mangold’s acid, 205 
Mannich reaction, 113 
Mannosidostrcptomycin, 557 
Mapharsen, 502 
Marasmic acid, 570 
Marfanil, 448 
Mauvcine, 336 
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Mechanism, of action of sulfonamides, 

442 

of aldol condensation, 102 
of antibacterial action of dyes, 430 
of elimination reactions, 40-54 
of esterification and ester hydrolysis, 
118 

of explosions, 960 
of free-radical reactions, 3 
of nitramine formation, 990 
of nitration of aromatic compounds, 

975 

of oxidation of alcohols, 75 
of reaction, methods of studying, 21 
of scmicarbazone formation, 117 
of starch synthesis, 942 
Meconie acid, 822, 825 
Meenvcin-Pondorf-Verlcy reduction, 82 
Melamine, 894 

arsenic derivatives as trypanocides, 
516 

Melarscn, 503, 517 
Melarsen oxide, 517, 527 
Meldolas Blue, 320 
Mellein, 568 
p- Methane, 596 
Mcnthofuran, 617 
Menthol, 614 
configuration of, 619 
Mcnthone, 592, 614, 618 
Mcnthylamines, 622 
Mepacrinc, 469 
2-Mercaptobcnzothiazolc, 803 
Mcsomeric effect, 19 
Metabolism of microorganisms, 402 
Metabolite antagonism, theory of, 398, 

443 

Metabolite antagonists, 399, 400 
Metal complexes, general ty|»es as 
dyes, 257 

Mctalized dyes, 257, 279 
Metal lake, 256 
Metathesis, 5 

Methane, combustion of, 1009 
conversion to carbon monoxide and 
hydrogen, 1007 

Methine bridges of porphins, 388 
Methine dyes, 325 

Methylation end-group assay method, 
914 

Methylations by lead tetraacetate, 1186 
4-Methylazulene, 670 
Methylcytosine, 864 
Methyl eleostearate, 208 


Methylene Blue, 332, 462, 892, 1214 
oxidation with, 1214 
4-Mcthylesculetin, 829 
N-Methyl-i^glucosamino, 555 
Methyl Green, 434 

Methyl groups, terminal, analysis of, 
1203 

Methyl linolenate, hydrogenation of, 
207 

Methyl Violet, 299, 307, 432 
Metrazole, 815 

Michael condensation, 112, 632, 633, 821 
Michael elimination, 632 
Michlcr’s ketone, 298 
Microscopic reversibility, principle of, 
9,95 

von Mikusch's acid, 205 
Milas' reaction, 1154 
Milling Blue, 338 

Molecular extinction coefficient, 127 
Molecular mechanisms, 4 
Molecular orbitals, notation of, 19 
Molecular spectra, 123 
Molecular weight, effect of pressure on, 
in polymerization, 1015 
of amylopcctin, 915 
of glycogen, 949 
of starch, 922-927 
Monoazo dyes, 267 
Monocyclic ditcrpcncs, 673 
Monocyclic terpenes, 596 
oxygenated, 611 
Monocyclic tctratcrpcncs, 705 
Monoterpenes, classification of, 583 
Mordant dyes, 256 
Morin, 350 
Morolic acid, 692 
Morphine, 860 
Moslene, 604 

Muscle adenylic acid, 865 
Mutarotation, 94 
of glucose, 93 
Mutatochrome, 715 
Mycelianamide, 574 
Mycophenolic acid, 570 
Myrcene, 583 
Myrtenal, 644 

N 

Naphthalene Green V, 304 
Naphthalene-1,4,5,8-tetracarboxvlic 
acid, 384 

Naphthazarine, 342 
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Naphthol, AS, 271 
AS-BS, 271 
AS-D, 271 
AS-G, 271 
AS-GR, 272 
AS-LB, 272 
AS-L3G, 271 
AS-L4G, 271 
AS-RL, 271 
AS-SR, 272 
AS-SW, 271 
AS-TR, 271 

Naphthol azoic dyes, 270 
Naphthol Green B, 259 
Naphthol Yellow S, 261 
Naphthoquinone dyes, 342 
Naphthylamine Black D, 289 
Natural gas, conversion to carbon 
monoxide and hydrogen, 1007 
Neighboring groups, driving forces in 
participation of, 39 
participation in displacement reac¬ 
tions, 37 

Neoabietic acid, 686 
Neoarsphenamine, 501 
Ncocyanine, 330 
Neoisomcnthol, 619 
Neolan Blue GG, 281 
Ncolan Bordeaux R, 281 
Neomenthol, 619 
Neomycin A, 577 
Neptune Blue BRA, 303 
Ncral, 589 
Nerol, 588 
Nerolidol, 661 
Nervone, 236 
Nervonic acid, 236 
Netropsin, 576 
Neutral Blue, 336 
Nicotine, 755, 832 
Nicotinic acid, 832 
Niemann-Pick disease, 241 
Niementowski modification of the Pfitz- 
inger reaction, 853 
Nigraniline, 337 
Nigrosine dyes, 337 
Niquidinc, 459 
Niquine, 459 
Nitramides, 979 

Nitramines, mechanism of formation, 
990 

primary, Franchimont synthesis of, 


Nitraminotetrazole, 1000 
Nitrate esters as explosives, 968 
Nitration, of amines, by chlorine cata¬ 
lysts, 988 

of aromatic compounds, mechanism 
of, 975 

of saturated hydrocarbons, 1012 
Nitric acid, oxidations with, 1126 
2-Nitriminoimidazolidine, 996 
Nitrocellulose, 968 

Nitro compounds, aliphatic, as explo¬ 
sives, 973 

aromatic, as explosives, 973 
Nitro dyes, 260 
Nitroglycerin, 969 
Nitroguanidine, 993 
alkyl and aryl, 995 
properties of, 994 
Nitrolysis, Hale, 986 
l-Nitro-2-nitramino-A 2 -imidazoline, 99C 
Nitroprusside reaction, 507 
Nitroso compounds, oxidation with, 
1220 

p-Nitrosodimethylaniline as an oxidiz¬ 
ing agent, 1224 
Nitroso dyes, 258 
Nitrosoguanidines, 997 
Nitro starch, 968 

Nitrous acid, oxidations with, 1120, 
1220 

6 i«-Nitroxyethylnitramine, 992 
hi a-Nit roxyethylnit rooxamide, 979 
Nopinic acid, 644 
Nopinolacetic acid, 645 
Nopinone, 645 
Norpinic acids, 637 
Novazol acid blues, 339 
Nucleic acids, 864 

purines and pyrimidines found in, 864 
Nucleophilic activities of negative ions, 
32 

Nucleophilic displacement, bimolecu¬ 
lar inversion by, 27 
unimolecular, 27 

Nucleophilic substitutions, bimolccu- 
lar, 25 

Nucleoprotein, 864 

O 

Ocimene, 583, 584, 644 
9-Octadecenoic acids, 193, 204 

cis and trans interrelationships of 
oxidation products, 194 


981 

secondary, 983 
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9-Octadeccnoic acids, properties of con¬ 
jugated, 206 
Otogen, 985 

Oleanolic acid, 692, 694, 69C 
Olefins, see also Hydrocarbons 
alkylation with, 1058 
aromatic alkylation with, 1067 
fiuorinated, polymerization of, 1116 
reactions under pressure, 1110 - 11 18 
hydration under pressure, 1073 
interpolymers with ethylene, 1035- 
1036 

liquid-phase hydration of, 1077 
oxidation of, 1135, 1140-1143, 1156, 
1157, 1162, 1174, 1180, 1208, 
1211, 1231 

reactions with carbon monoxide, 1097 
vapor-phase hydration, 1074 
Oleic acid, 197, 208 
oxidation of, 193 
Oloorcsin, 682 
Omega acid, 264 
Oppenaucr oxidation, 82, 1238 
Oppenauer’s reagents, oxidations with, 
1125 

Optical density, 127 

Optochin, 420 

Orange II, 276 

Organic dyes, 243-391 

Organic per acids, oxidation with, 1162 

Organic reaction mechanisms, 1-121; 

see also Mechanisms 
Organolithium compounds, 96 
reactions with pyridine, 839 
Orsanine, 503, 512 

Osmium tetroxide, oxidations with, 
1123, 1180 
Oxadiazolcs, 814 
Oxazine dyes, 320 
Oxazolcs, 805-810 
syntheses of, 805 
Oxazolines, 807, 808 
Oxidation, see also urvlcr individual 
members 

alcohols, 75, 1202, 1238-1244 
mechanism of, 75 
aldehydes, unsaturated, 1173, 1208 
amines, 1166 

by alkaline hydrogen peroxide, 1125 
by alkyl nitrites, 1220 
by Caro’s acid, 1125, 1153, 1169 
by ceric sulfate, 1214 
by chromic acid, 78, 1202 
by chromic anhydride, 76 


Oxidation, by chromium trioxide, 1122 
by ehromyl chloride, 1202 
by dehydrogenating agents, 1126 
by diacetyl peroxide, 1136 
by diacyl peroxides, 1131, 1136 
by Fehling’s solution, 1214 
by ferric chloride, 1214 
by halogens, 1127 

by hydrogen peroxide, 1125, 1153, 
1171 

alkaline, 1125 

by lead tetraacetate, 1123, 1124, 1185 
by methylene blue, 1214 
by nitric acid, 1126 
by nitroso compounds, 1220 
by nitrous acid, 1120 , 1126 
by Oppenauer's reagents, 1125 
by organic per acids, 1124, 1153, 1162 
by osmium tetroxide, 1123, 1180 
by oxygen, 1123 
by ozone, 1123, 1174 
by per acids, 1124, 1153, 1162, 1195 
by pcrbenzoic acid, 1124, 1153 
by periodic acid, 1124, 1195 
by potassium ferrieyanide, 1214 
by potassium permanganate, 1122, 
1211 

by quinoncs, 1214 
by selenious acid, 1229 
by selenium dioxide, 1122, 1225 
by silver nitrate, 1214 
a-dikctoncs, 1170 
1,2-dikctoncs, 1172 
diphenylmethane, 1205-1206, 1227 
electronic interpretation of, 1128 
cnoU, 1164 
ethers, 1134, 1143 
glycols, 1189, 1195 
iodides, 1166 
ketones, 1169, 1220 
unsaturated, 1173, 1208 
kctonic acids, 1172 
olefins, 1135, 1140-1143, 1156, 1157, 
1162, 1174, 1180, 1208, 1211, 
1231 

phenols, 1164 
o-pinene, 1121 
pyridincs, 843 
quinoncs, 1172 
sulfides, 1166 
triphenylmcthyl, 1144 
under pressure, 1004 
a-8 unsaturated aldehydes and ke¬ 
tones, 1173, 1208 
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Oxidation potentials, apparent, 1215 
Oxidation processes, 1120 
Oxidation products, thermal stability, 
1007 

Oxidation-reduction potentials, 1129 
of organic systems, 1239 
Oxidation-reduction systems, enzyme 
action in, 1239 
Oxides, ethylene, 43 
Oxidizing agents, ionic, 1214 
table of, 1121-1127 
Oxine, 427 
Oxirano ring, 193 
Oxonium ions, 75 
Oxonium salts, 74 
Oxophcnarsine, 502, 512, 517 
Oxo reaction, 1106 
Oxygen, oxidations with, 1123 
Oxynervone, 236 
Oxynervonic acid, 236 
Ozone, oxidations with, 1123, 1174 
Ozonides, structure of, 1177 
Ozonolysis of aromatic compounds, 
1176-1177 


Paal-Knorr ring closure, 714 
Palatine Fast Orange RN, 281 
Paludrine, 477 
Pamaquine, 454, 462, 846 
Pantothenic acid, 399 
analogs as antimalarials, 480 
Pantoyltaurine, 399 
Parabanic acid, 794 
Para Black R, 288 
Parafuchsin, 519 
Para Red, 270 

Parasitotropic properties of drug mole¬ 
cules, 401 

Parasorbic acid, 818, 821 
Patent Blue V, 304 
Patulin, 565, 567 

Pcchmann type of couinann synthesis, 

829 

Pclargonidin, 351 
Penaldic acid, 801, 810 
Penicillamine, 541, 544, 800, 809 
D-Penicillamine, 541 
Penicillic acid, 567 
Penicillin, 397, 535, 801, 805 
carboxyl derivatives of, 539 

characteristics of, 538 
chemical modifications of, 552 


Penicillin, commercial production of, 
537 

constitution of, 540 
degradation of, 541 
desulfurization of, 802 
stereochemical aspects, 549 
synthetical approaches to, 550 
Penicilloic acids, 801 
PcniUic acids, 543 
Penilloic acids, 544 
Pentacyclic triterpenes, 691 
Pentaerythritoltetranitrate, 972 
Pentaquine, 463, 846 
Pentolite, 973 

Per acids, oxidation with, 1124, 1153 
Perbenzoic acid, oxidations with, 1124, 
1153, 1162, 1195 
Perhydro-vitamin Ai, 675 
0-Pericyclocamphanone, 655 
Periodate oxidation, mechanism of, 1200 
of starch, 920 

Periodic acid, oxidations with, 1124, 
1195 

Periston, 755 

Perkin condensations, 113, 742, 828 
Perkin’s mauve, 892 
Perlon Fast Yellow RS, 331 
Peroxide radicals, 1144-1152 
Peroxides, effect on ethylene polymeri¬ 
zation, 1021 
transannular, 1151 
Perylene, 384 

Perylcnctctracarboxylic acid, 38-1 
PETN, 972 

Pfitzinger reaction, 848, 853 
Phellandral, 609 
Phcllandrencs, 605 

Phenanthridinium compounds as tryp¬ 
anocidal agents, 492 
Phenazinc dyes, 334 
Phenazincs, 333, 889 
Phenidium chloride, 492 
Phenocyanine dyes, 322 
Phenol coefficient, 405, 406 
Phcnolphthalein, 311 
Phenols, alkylation of, 1071 
as disinfectants, 406 
effect of substituents on disinfectant 
properties, 413 
oxidation, 1164 
reaction with acetylene, 1089 
Phcnosafrininc, 336 
Phenothiazime, 891 
Phenothiazincs, 889 
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Phenoxazincs, 889 
Phenoxazone, 891 

Phenylalkyl ethers, rearrangements of, 

70 

Phcnylarsenoxidc, 508 
effect of substituents on activity as 
drugs, 511 

trypanocidal activity, 524 
Phenylarsonic acid, 508 
derivatives of, 502 

Phenylazide in triazole synthesis, 812 
Phenyl-p,p'-diarseno\ide, 526 
N-Phenylphenazine dyes, 335 
Phlcgmntization of explosives, 965 
Phlegmatizing action of waxes, 967 
Phoenicin, 565, 569 
Phosphatidyl serine, 218, 232 
Phosphoglyccraldehydc dehydrogenase, 
507 

Phospholipid fractions, preparation of, 
217 

Phospholipids, 217 
in brain, 218 
in soybean, 219 
Phosphorolysis, 943 
Phosphorylasc, 937, 942 
Photochemical oxidations, 1150-1151, 
1154-1155 

Photography, color, 318 
Phrcnosin, 236 
Phthalazincs, 883, 884 
Phthalcin dyes, 314 
Phthalocyanine dyes, 357, 388, 762 
Phthalylsulfathiazolc, 438 
Phyllopyrrolc, 749 
Physalicn, 711 

Physiological action and chemical con¬ 
stitution, 395 
Phytol, 671, 702 
synthesis of, 672 
a-Picoline, 838 
d-Picoline, 838 
Picramide, 977 
Picric acid, 977 
Picrocrocin, 594 
Picrolonic acid, 782 
Picromycin, 575 
Pigment Green B, 259 
Pigments, 256 
azo, 269 

Pimanthrenc, 679, 680 , 683 
Pimaric acid, 687 

Pinacol-pinaeolonc transformation, 643 
Pinane, 641 


Pinane group of terpenes, 636-645 
a-Pinene, 614, 636-G45 
autoxidation, 643 
oxidation of, 1121 

reactions with hydrogen chloride, 642 
synthesis of, 638 
thermal isomerization of, 644 
/J-Pinene, 644, 645 
4-Pinenc, 640 
Pinocamphonc, 639 
Pinol, 627 
Pinonic acid, 637 

Pij>ernzine, dehydrogenation to pyra- 
zine, 887 
Piperidine, 844 
Piperitone, 614, 617 
Plasmalogen, 233 
properties of, 233 
structure of, 233 
Plasmoehin, 462 
Plastnocidc, 463 

Plasmodia, main features in life eyle of, 
4.50 

Pleurotin, 571 
Pneumonia, 419 
Polar Brilliant Red, 278 
Polarization in ground state of moh*- 
cules, 19 

Polarographic reduction waves of alde- 
hydes and ketones, 1242 
Polar Yellow 5G, 277 
Polyazo dyes, 290 
Polyene dyes, 325 
Polycthylenea, solid, 1024, 1031 
uses of, 1032 

Polymerization, free-radical, 1027 
heat-, in oils, 200 
of acetylene. 1085 
of butenes, 1056 

of ethylene, above 7500 p.s.i., 1024 
below 7500 p.s.i., 1013 
of fluoroolofins, 1116 
of propene, 1052 

oxygen-catalyzed high-pressure, 1026 
Polymorphism, 190 
Polymyxin, 565 
Polypeptides, 564 
Polysaccharides, synthetic, 946 
Poly terpenes, 717 
Polythenes, 1031 
Polyvinylcarbazolc, 763, 1091 
Polyvinylpyrrolidone, 1092 
Pomeranz-Frilsch reaction, 861 
Ponceau 2R, 276 
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Ponsol Violet BN, 374 
Pontamine Fast Blue 6GL, 2S7 
Pontamine Fast Scarlet 4BS, 283 
Pontamine Green BXN, 290 
Porphin nucleus, 3S8 
Porphyrazin, 388 
Porphyrin, 753 
syntheses, 753 
Positive halogen, 46 
Potassium ferricyanide, oxidation with, 
1214 

Potassium permanganate, oxidations 
with, 1122, 1211, 1213 
Potency, disinfectant or antiseptic, 404 
Potential-cnergy maps, 6 
Powder, black, 967 

Power of explosion, calculation of, 955 
Pressure, effect on molecular weight in 
polymerization, 1015 
Prdvost reaction, 1230 
Prilcshajew reaction, 1162, 1230 
Primaquine, 466 
Primary nitramines, 081 
Primuline dyes, 804 
Proactinomycins, 575 
Prodigiosin, 566, 574 
Producer-gas equilibrium, 954 
Proflavine, 423 
Proguanil, 477, 528 
Proline, 755 
Promacetin, 442 
Promin, 441 
Promizole, 441, 796 
Prontosil, 397, 436 
Propellant, black powder as, 967 
Propone, catalytic polymerization, 1053 
interpolymers, 1055 
polymerization and interpolymeriza- 
tion, 1052 
Proteolipide, 219 
Provitamin A, 707 
Prune, 321 

Pscudohalogens, 1231 
Pseudoionone, 702 
Pseudoisocyanincs, 329 
Pteridincs, 889 
Ptcroylglutamic acid, 444 
Pubcrlonic acid, 565, 568 
Puberulic acid, 565, 567 
Pulegol, 592 
Pulegone, 614, 615 
Purines, 877 


Pyo antibiotics, 576 
Pyocyaninc, 566, 573 
Pyramidone, 783 
Pyrans, 817 
syntheses of, 818 
a-Pyrans, 818 
■>-Pyrans, 818 
Pyranthridone, 377 
Pyranthrone dyes, 377 
Pyrazines, 885 
reactions of, 887 
syntheses of, 885 
Pyrazolanthrone, 385 
Pyrazole Blue, 784 
Pyrazoles, 773 
addition reactions, 777 
ring stability of, 777 
structure of, 778 
substitution reactions of, 776 
syntheses of, 773-776 
Pyrazolines, 779, 785 
from diazomethane, 780 
Pyrazolones, 781 
Pyribenzaminc, 832 
Pyridazincs, 882 
Pyradines, 832 
addition reactions, 840 
oxidation of, 843 

reactions with organnlithium com¬ 
pounds, 839 
reduced, 844 
ring stability of, 842 
structure of, 844 
substitution reactions, 837 
syntheses of, 832 
Pyridinc-3-sulfonic acid, 837 
7 -Pyridone, 824 
Pyridoxine, 832 
Pyrimidines, 864 
addition reactions, 873 
as antimalarials, 472 
from nucleic acids, 864 
ring stability of, 874 
structure of, 875 
substitution reactions, 870 
syntheses of, 866 
Pyrithiamine, 400 
Pyrogene Green B, 357 
Pyrogenc Indigo, 356 
Pyromeconic acid, 825 
Pyronene, 644 

Pyrones, addition reactions, 826 
ring stability of, 824 
structure of, 827 


from nucleic acids, 864 
Purpurin, 344 
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Pyroncs, subslilution reactions, 826 

a-Pyroncs, 820 

7-Py rones, 821 

Pyroninc G, 313 

Pyrroles, 744 

acid-base properties of, 747 

acylations of, 751 
addition reactions, 748 
reduced, 754 
ring stability of, 747 
structure, 753 
substitution reactions, 718 
Pyrrolidine, 754 
Pyrrolines, 754 
Pyruvate-oxidase system, 507 
Pyrylium salts, 818 
structures of, 831 

Q 

Q-enzyme, 947 
Quercetin, 350 

Quinacrine, 429, 454, 4G9, 84G 
Quinn Mines, as trypanocidal agents, 

497 

synthesis of, 850 
Quinatoxinc, 459 
Quinazolines, 881 
Quinazoloncs, 881 
Quinhydronc dimer, 1219 
Quinicinc, 459 
Quinidinc, 455 
Quinine, 455, 456, 459, 846 
isomerization of, 79 
Quinine equivalent, 453 
Quinizarin, 344 
Quinolines, 846-8G0 
addition reactions, 856 
as antinialarials, 460 
ring stability of, 857 
structure and antimalarial activity, 
460-169 

structure of, 858 
substitution reactions, 854 
syntheses from o-amino compounds, 
853 

synthesis of, 847-855 
Quinoline Yellow, 328 
Quinolylcarbinolamines, 460 
Quinone dyes, 340 
Quinoneimine dyes, 317 
Quinones, alkylation of, 1137 
oxidation by, 1214 
oxidation of, 1172 


Quinonoid theory of color, 249 
Quinophthalonc, 328 
Quinuclidinc, 844 
Quiteninc, 456 

R 

Itadziszcwski imidazole synthesis, 787 
Raman effect, 124 
Rapidazolc dyes, 274 
Rapidfast colors, 274 
Rapidogen Blue R, 275 
Rapidogen Bordeaux R, 275 
Rapidogen dyes, 274 
Rate, of deflagration, 958 
of detonation, 958 
of explosion, determination of, 959 
of reaction, change with benzene 

substitution, 20 
effect of medium upon, 10 
RDX, see Cyclonitc 
Reaction coordinate, 8 
Reaction mechanisms, classification of, 3 
methods of studying, 21 
Reaction rate equilibrium, effect of 
structure on, 13 

Reactions under pressure, of carbon 
dioxide, 1109 
of carbon monoxide, 1095 
of fluoroolcfms, 11 10 
of organic gases, 1001-1119 
Reactivity of carbonyl compounds, 97 
1,3-Rcarrangemcnt, 69 
Rearrangements, nllylic, 36 
in cyclonitc synthesis, 987 
(rans, in six-membered rings, 642 
Wagner-Mcerwein, 55 
Reduction, sec also under compound 
classes 

by Grignard reagents, 98 
by lithium aluminum hydride, 83 
by tricthylaluminum, 1241 
by tricthylboron, 1241 
Reduction activation of polymerization, 
1160 

Rcformatsky reaction, 612, 645, 829 
Re-forming, 1008 
catalysts for, 1008 
furnace for, 1008 

Rcimer-Tiemann aldehyde synthesis, 
751 

Rcisscrt reaction, 855, 863 
RcisseH synthesis of indoles, 758 
Residual dextrins, 918 
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Resistance to drugs, 529 
Resonance, application of, to color 
theory, 251 
conditions for, 252 

effect on benzene substitution, 18, 19 
effect on bond energy, 17 
Resorcin Brown, 2S2 
Retarders, 1134 
Retene, 682 

Retention of configuration, in displace¬ 
ments, 37 

without inversion, 44 
Retinine, 678 

Retrogrndation of starch, 910 
Rhodamine B, 314 
Rhodaniinc GO, 314 
Rhodamine dyes, 314 
Rhodanine, 802 
Rhodole dyes, 315 
Rhodopsin, 678 
Rhodoxanthin, 713 
Riboflavin, 399, 864, 885 
Ricinclaidic acid, 206 
Ricinine, 832 
Iticinoleic acid, 205 
pyrolysis of, 211 

Ring stability, see under individual com¬ 
pounds or classes 
Rivanol, 325, 423, 428 
Roehl test, 452 
Rosaniline, 307 
Rose Bengale, 316 
Rosein II, 571 
Rosin, 681 

Rosinduline dyes, 336 
Rosolic acids, 310 

Ross-Schiessler-Kbclc method for cy- 
clonitc, 985 

Rotational spectra, 123 
Kotcnonc, 817 
Rubazonic acid, 78*1 
Rubber, 717 
structure of, 718 
vulcanization of, 714 
Rubixanthin, 713 

S 

Sabinenc, 603, 630 
Sabinol, 630 
Saccharification, 940 


Salvarsan, 395, 501 
Sambucinin, 575 
Sapietic acid, 685, 687 
Saturated hydrocarbons, reactions un¬ 
der pressure, 1003 
Savtzeff’s rule, 53, G21 
Schardinger dextrins, 937, 941 
Sclareol, 681 

Secondary nitramincs, 983 
Selection rules, 131 
Selinene, 663, 667, 1236 
Selenium dioxide, oxidations by, 1122, 
1225 

Semicarbazones, 117 

mechanism of formation of, 117 
Sensitiveness of explosives, 962 
Sensitiveness test for explosives, 965 
Septacrol, 325 
Sesamin, 216 
Sesquiterpenes, 659 
acyclic, 660 
bicyclic, 664 
dehydrogenation of, 663 
tricyclic, 668 
Sctoglaucin 0, 303 
Shift reaction of synthesis gas, 1009 
Sigma (a), constant of Hammett equa¬ 
tion, 20 

Silver nitrate, oxidation with, 1214 
Sirius Light Green FFGL, 390 
Sirius Light Yellow RL, 283 
Sitosterol, 216 
Sitosteryl glucoside, 219 
Skraup synthesis, 378, 848, 849, 854 
S.vl, 27; see also Displacement reaction 
and entries beginning Nucleo¬ 
philic 

S\2, 25; see also Displacement reaction; 
Substitution reactions; and en¬ 
tries beginning Nucleophilic 
Sobrerol, 643 

Sodium bisulfite, addition of, 92 
Sodium lauryl sulfate, 416 
Solid Green O, 259 
Solubilization of starch, 933 
Solubilized vat dyes, 386 
Soluble Blue, 434 
Solvated carbonium ion, 30 
Solvation, electrovalent, 30 
Solvent, role in ionic reactions, 29 
Solvolysis, 29 
Sontoquin, 467 
Soybean lecithin, 219 
Soybean oil, 188 


S-acid, 282 
Safraninc dyes, 335 
Salicylate dyes, 257 
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Spectra, infrared, 12S 
Spectral bands, intensities of, 12G 
positions of, 125 

Spectroscopic data, methods of express¬ 
ing, 125 

Spectroscopy,experimental methods, 133 
in quantitative analysis, 154 
Spermaceti, 215 
Sphingolipids, 218, 23G 
Sphingomyelin, 230 
preparation of, 240 
properties of, 241 
structure of, 240 
Sphingosine, 237 
Squalcnc, 688, GOO 
SR A Golden Yellow XII, 2G0 
Stabilizers for explosives, 070 
Starch, 001-050 
acid hydrolysis of, 033 
action of enzymes on, 018 
arsenolysis of, 045 
chemical constitution of, 912 
complex with iodine, 000 , 920 
cross linkages in, 916 
crystalline structure of, 927 
degradation of, by biological proc¬ 
esses, 937 
esters of, 03*1 
ethers of, 93G 
fractionation of, 907 
granules, 903 

helical configuration of, 920 
hypoioditc oxidation of, 038 
methylated, 914 
molecular weight of, 022 
nitro, 968 

non-carbohydrate substances in, 931 
periodate oxidation of, 020 
rctrogradation of, 910 
separation of fractions, 907 
solubilization of, 933 
sources of, 902 
synthesis of, 942 
Starch-iodine complex, 909, 929 
Stereochemical specificity between 

drugs and cell constituents, 400 
Stereochemistry, of bimolecular nucleo¬ 
philic displacements, 25 
of elimination reactions, 51 
Steric hindrance, 14 
detection of, 172 
effect on ionization of acids, 121 
«-Sterol rearrangement, 63 
Stigmasterol, 216 


Stilbamidine, 488, 400 
Stilbene dyes, 288 
Stobbe condensations, 54, 114 
Stovarsol, 502 
Strecker reaction, 540 
Streptamine, 554 
Streptidine, 554 
Streptomycin, 553 
characteristics of, 553 
Streptomycin B, 557 
Strcptothricin, 574 

Structure, effect on displacement reac¬ 
tion, 31 

of starch, 012 
Substantive dyes, 244 
Substituents, electrostatic medium ef¬ 
fect of, 16 

Substitution reactions, see also under 
compound classes 
bimolecular negative, 25 
bimolecular nucleophilic, 25 
of benzene, effect on rates of reaction, 
20 

Subtilin, 5G4 

Succinic acid, ionization of, M 
SuccinyUulfathiazole, 438 
Sudan Orange R, 269 
Sugars, glycol cleavage of, 1107 
Sulfacetamide, 438, 440 
Sulfaclin, 577 

Sulfadiazine. 437, 438, 8G5, 868 
Sulfadiazine equivalent, 454 
Sulfuguanidine, 43S, 440 
Sulfamcrazinc, 437, 438, 865 
Sulfamethazine, 865 
Sulfamczathine, 437, 438 
Sulfanilamide, 436, 438 
syntheses of. 868 
Sulfanilinc Brown B, 354 
Sulfanthrene Pink FB, 364 
Sulfapynuine, 438 

Sulfapvridine, 437, 438. 440, 449, 832 
Sulfaquinoxalincs, 889 
Sulfarsphenamine, 501 
Sulfathiazole, 437, 438, 445, 796 
Sulfctrone, 442 

Sulfhydrvl group in arsenic drug action, 

505 

Sulfides, oxidation of, 1166 
Sulfogene Bordeaux B, 355 
Sulfogcnc Direct Blue BR, 356 
Sulfogen Golden Brown G, 355 
Sulfon Acid Blue RA, 276 
Sulfonamides, 398 
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Sulfonamides, as antibacterials, 43G 
bacteriostatic action of, 439 
inhibition of bacterial growth by, 444 
mechanism of action of, 442 
structure-action relationships, 439 
Sulfur, removal from thiazolidinc ring, 
801 

Sulfur Black T, 357, 893 
Sulfur dyes, 352 
definition of, 256 
Sun Yellow, 288 
Supramine Black, 278 
Supramine Pure Blue BLA, 30G 
Suramin, 395, 484 
Surface-active disinfectants, 414 
Surfen C, 498, 518 
Sylvestrcne, 610 
Synthalin, 487 

Synthesis, see muter individual hi tidings 
Synthesis gas, 209 
Synthetic benzylpenicillin, 548 
Synthetic detergents, 414 
Syphilis, 500 

T 

Takadiast&se, 941 
Tallow, acid composition of, 188 
glyceride composition of, 188 
Tanacetone, G31 
Tanacetophorone, G32 
Tardin, 5G8 
Tartrazine, 278, 784 
Taxogcn, 1044 
Tay-Sachs disease, 241 
Tclogen, definition of, 1041 
Telogens for ethylene, 1045 
Telomerization, 1043-1051 
definition of, 1044 
effect of hydrogen on, 1047 
ethylene, with active hydrogen com¬ 
pounds, 1049 

Telomere, 1027, 1844, 104G, 1049 
definition of, 1044 
ethylene, reactions of, 104G 
Terebic acid, 612 

Terpenes, 581-722; see also under indi¬ 
vidual members 
acyclic, 583 

acyclic oxygenated, 58G 
bicyclic, 630 
classification of, 582 
hcad-to-tail arrangement in, 583 
monocyclic, 596 
oxygenated acyclic, 586 
Terpenylic acid, 612 


Terpin, 598, 611, 614 
Terpinenes, GOO 
Terpincnc-terpin, 614 
a-Terpineol, 589, 598, 611 
synthesis of, 613 
0-Terpineol, 614 

vTerpineol, 614 
Terpinolenc, 599 
Terra my cin, 563 
Tetracene, 999 
Tetracyclic triterpencs, 690 
Tetracyclosqualene, 690 
Tctrahydroporphyrin, synthesis of, 752 
Tetrahydro-r-pyroncs, 824 
Tetralin, autoxidation of, 1146 
Tetranitromethane, 973 
1,3,5,7-Tetranitro-l ,3,5,7-tetrazacyclo- 
octane, 984 
Tetraterpenes, 700 
acyclic, 701 
bicyclic, 705 
monocyclic, 705 
1,2,4,5-Tetrazines, 895 
Tetrazoles, 815 
Tetryl, 966, 979 
Theobromine, 880 
Theory, of explosion initiation, 966 
of metabolite antagonism, 443 
Thermal conversion, 1014 
Thermal decomposition, 1014 
of acetylene, 1080 

Thermal polymerization, mechanism 

of, 1016 

of ethylene, 1014 

Thermal stability, of dinitrates, 971 
of oxidation products, 1007 
Thermophillin, 570 
Thiamine, 400. 796, 864 
Thianaphthenes, 772 
Thiazinc dyes, 331 
Thiazolcs, 796-805 
as dyes, 375 
from thioamides, 797 
reactions of, 799 
syntheses of, 798 
Thiazolidincs, 801 

desulfurization of, 801 
Thiazolines, 800 

Thioamides, preparation of thiazolcs 

from, 797 

Thioarsinites, 506, 508 
formation of, 506 
Thiogen Dark Ited G, 355 
Thioglycolic acid, 505 
Thioindigo, 363, 772 
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Thioindigo dyes, 363 
Thioindigo Red, 363 
Thioindigo Scarlet R, 366 
Thiolene, 771 

Thiols in arsenic drug action, 505 
Thioncssal, 767 
Thiongreen B, 357 
Thiophane, 771 
Thiophenes, 764-773 
addition reactions, 770 
indophenin test for, 771 
reduced, 771 
ring stability of, 770 
substitution reactions, 767 
syntheses of, 764-708 
Thioxanthonc dyes, 375 
a-Thujaketonic acid, 631 
Thujane group of terpones, 630 

Thujene, 630 
Thujone, 630, 631, 634 
synthesis, 634 
Thujyl alcohol, 630 
Thymenc, 604 
Thymine, 864 
Thymol, 618 
Tischcnko reaction, 1244 
TNT, 963, 973 
Tocopherols, 195, 216 
a-Tocopheroxide, 195 
Tolusafranine, 335, 892 
Toluylenc Red, 335 
Torularhodin, 717 
Tracers, 24 

Transition states, 6, 8, 19, 34, 62 
in displacement reactions, 34 
Transmittance, 126 
Traube synthesis, 877 
Trauzl block, 953 
Trauzl test, 955 
Trcparsol, 502 

Triaminotriarylmethanc dyes, 306 
Triarylcarbonium ions, 57 
Triarylmcthanc dyes, 295 
preparation of, 298 
theories for color of, 296 
Triazinc dyes, 293 
1,3,5-Triazincs, 893 
Triazoles, 812 
Trichothecin, 570 
Tricyclcne, 655 
Tricyclic diterpcncs, 681 
Tricyclic sesquiterpenes, 668 
Tricyclic tritcrpencs, 690 
Triethyialuminuin, reduction by, 1241 
Tricthylboron, reduction by, 1241 


Trimethylolnitromethane trinitrate, 973 
2,4,6-Trinit rophenylmct hylnit ramine, 
see Tctryl 

Trinitrotoluene, 963, 973 
1,3,5-Trinit ro-1,3,5-trinzacyclohe.vanc, 
set Cyclonito 

Triphenylmethane dyes, as antiseptics, 
432 

resistance of trypanosomes to, 519 
TriphonyImcthyl, oxidation of, 1144 
Triphciiylsilanc, reaction with water, 78 
Trisazo dyes, 267, 290 
Tristearin, 191 

x-ray diffraction pattern of, 192 
Trisulfon Brown B, 290 
Triterpencs, 688-701 
acyclic, 688 
pentacyclie, 691 
tetracyclic, 690 
tricyclic, 690 
Tropinc, 844 
Tropinone, 845 
Trypaflavin, 325. 394, 485 
Trypan Blue, 483 
Trypanocidal agents, dyes as, 183 
Trypanosomes, 505 
acquired resistance to drugs, 529 
drug resistance of, 519 
Trypanosomiasis, chemotherapy of, 
481-500 

Trypan Red, 394, 483 
Tryparsamide, 503, 508, 516, 520 
Tryptophane, 757 
TschugaefT dehydration, 49, 52, 55 
Turkey Red, 344 
Turpentine, oil of, 637 
TwitchcU’8 reagent, 212 
Tyrian purple, 362 
Tyrocidine, 564 

U 

Ultraviolet absorption, of carotenoids. 
709 

of various chromophores, 166 
Ultraviolet spectra, 158-175 
experimental results, 163 
in determining purity, 170 
in proof of identity, 169 
in qualitative identification, 169 
in quantitative analysis, 174 
in tracing a substance, 170 
Umbellulone, 630 

Unimolecular nucleophilic displace¬ 
ments, 27 
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Uracil, 864, 869, 875 
structure of, 876 
Urazole, 813 

Urea derivatives, as explosive stabiliz¬ 
ers. 970 

synthesis from carbon dioxide, 1109 
Urease, 507 
Uric acid, 877 
oxidation to allantoin, 794 
Ustin I and II, 572 

V 

Vacccnic acid, 208 
Van Slyke determination, 558 
Vat dyes, 358-387 
classification of, 358 
definition of, 256 
solubilized, 386 
uses of, 359 
Venetian Scarlet, 346 
Verbanone, 639 
Verbcnol, 643 
Vcrbenone, 639, 643 
Vestrylaminc, 611 
Vetivazulene, 669 
Vetivono, 669 
Vibrational s|»cctra, 124 
compilations of, 157 
Vibration-rotation band, 124 
Vibrations, fundamental, 130 
normal, 130 
Victoria Green 3B, 301 
Villiger's reaction, 1169 
Vinyl acetate-ethylene intcr|»olymers, 
proper ties of, 1037, 1039 
Vinylation with acetylene, 1088 
Vinylcarbazolc, 1091 
N-Vinylpyrrolidonc, 755 
Vinylsuccinimide, 1092 
Violaccin, 576 

Violamine H, 314 
Violanthrone, 380 
Violaxanthin, 716 
Violet Black, 285 
Viomycin, 577 
Viridin, 570 

Visible and ultraviolet spectra, compila¬ 
tion of data, 174 
Visible spectra, 158-175 


Vitamin At, 673, 678 
Vitamin B, 796 
Vitamin Bj, 216 
Vitamin B*. 832 
Vitamin E, 216, 818 
Vitamin K|, 216 
Vitamins, structure of, 171 
von Auwers' rule, 619 
von Braun cleavage, 75 
von Mikusch’s acid, 205 
Vulcanization of rubber, 719 
Vuzin, 420 

W 

Wagner-Mecrwein rearrangement, 55, 
62, 641, 650, 652, 685 
kinetics of, 66 

Walden inversion, 26, 642, 653 
Water-gas equilibrium, 954 
Water spotting, 347 
Wavelength, units of, 126 
Waxes, 215 
Wheat-germ oil, 216 
Wohl-Marckwald synthesis, 789, 792 
WolfT-Kishner reduction, 048 
Wolfram preparation of cyclonite, 987 
Woodward’s rules, 168 
Wool, disazo dyes for, 289 
monoazo dyes for, 276 
Wool Fast Blue BL, 339 
Wool Green BS, 298 
Wuretcr's salts, 1219 

X 

Xanthcne, 313 
Xanthenc dyes, 312-317 
Xanthine, 865, 877 
Xanthoapocyanine, 329 
Xanthomycins, 577 
Xanthone, 828 
Xanthophylls, 711, 713 
X-ray diffraction by rubber and gutta¬ 
percha, 721 
Xylene Blue AS, 304 

Y 

Yeast alcohol dehydrogenase, 507 
Yeast maltase, 918 

Z 

Zcaxanthin, 704, 711 
Zingiberenc, 662, 1235 


Visual purple, 678 
Vitamin A, 216, 326, 673-678 
Vitamin Ai» 673-678 
synthesis of, 676 
Vitamin Ai alcohol, 677 
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